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ABSTRACT 

We present an abundance analysis based on high resolution spectra of 10 stars se- 
lected to span the full range in metallicity in the Ursa Minor dwarf spheroidal galaxy. 
We find [Fe/H] for the sample stars ranges from —1.35 to —3.10 dex. Combining our 
sample with previously published work for a total of 16 luminous UMi giants, we es- 
tablish the trends of abundance ratios [X/Fe] as functions of [Fe/H] for 15 elements. In 
key cases, particularly for the a-elements, these trends resemble those for stars in the 
outer part of the Galactic halo, especially at the lowest metallicities probed. The neu- 
tron capture elements show a r-process distribution over the full range of Fe-metallicity 
reached in this dSph galaxy. This suggests that the duration of star formation in the 
UMi dSph was shorter than in other dSph galaxies. The derived ages for a larger sample 
of UMi stars with more uncertain metallicities also suggest a population dominated by 
uniformly old (~13 Gyr) stars, with a hint of an age-metallicity relationship. 

In comparing our results for UMi, our earlier work in Draco, and published studies of 
more metal-rich dSph Galactic satellites, there appears to be a pattern of moving from a 
chemical inventory for dSph giants with [Fe/H] < —2 dex which is very similar to that of 
stars in the outer part of the Galactic halo (enhanced ct/Fe relative to the Sun, coupled 
with subsolar [X/Fe] for the heavy neutron capture elements and r-process domination), 
switching to subsolar a-elements and super-solar s-process dominated neutron capture 
elements for the highest [Fe/H] dSph stars. The combination of low star formation rates 
over a varying and sometimes extended duration that produced the stellar populations 
in the local dSph galaxies with [Fe/H] > —1.5 dex leads to a chemical inventory wildly 
discrepant from that of any component of the Milky Way. 

We note the presence of two UMi giants with [Fe/H] < —3.0 dex in our sample, 
and reaffirm that the inner Galactic halo could have been formed by early accretion 
of Galactic satellite galaxies and dissolution of young globular clusters, while the outer 
halo could have formed from those satellite galaxies accreted somewhat later. 
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Introduction 



The Ursa Minor ( UMi) dwarf spheroidal (dSph) galaxy is a satellite of the Milky Way at a dis- 
tance of about 70 kpc (IMighell &: BurkeHl999l). It is the least luminous of the 8 classical dSph satel- 
lites, w ith Ly = 3xl0 5 L Q ( Grebel. Gallagher Harbeckll2003 ). Cudworth. Olszewski, fc Schommer 
(|1986l ) provide a proper motion survey and photometry for this galaxy down to the level of the 
horizontal branch. With ~450 members, they found that the stellar population of the UMi dSph 
resembles that of an old metal-poor Galactic globular cluste r with a steep red giant branch (RGB) 
and a blue horizontal branch. The HST imaging study of IMighell fc Burkd (|1999l ) confirms this 
simple star formation history for UMi, suggesting a single major b urst of star formation about 
14 Gyr ago that lasted less than 2 Gyr. The photometric survey by iBellazzini et all (|2002l ) estab- 
lished a mean abundance [Fe/H] —1.8 dex with a spread of ~0.5 dex within UMi, assuming all 
stars are of a similar age. There is no evidence for multiple main sequences nor any sign of ongoing 
star f ormation. Very low up per limits were e stabli shed in UMi for neutral hydrogen gas by lYoung 



star r ormation. Very low up per limits were e stabli ; 
l|200cl ) and for ionized H bv ballagher et aJ \200i ) 



Many radial velocity surveys (see, e.g. ICudworth. Olszewski. &: Schommerlll986l : iPalma et al 



2003) of large samples of stars have been carried out to deter mine membership an d measure the 
stellar velocity dispersion as a function of radius in UMi, while IWalker et all (|2008l ) highlights the 
very large v r datasets that can be assembled today for such galaxies. The observed a v in UMi, as 
is also true for Draco, is unexpectedly high, given the low luminosity of the s ystem , and remains 
flat to large radii, which according to iPeharrubia. McConnachie fc Navarro! (|2008l ) (see also the 
references therein) requires the presence of large amounts of dark matter. These studies generally 
ignore the issu e of potential o ngoin g tidal dis ruption affecting the internal kinematics of the Milky 



Way satellite. iPiatek et al\ (|200ll ) (see also IBellazzini et al 



2002 



Palma et al.l 120031 ) review the 



evidence for substructure in UMi, which might be an argument for tidal effects.. 

There is great current interest in the detailed properties of satellites of the Galaxy in light 
of our greatly improved hiera rchical cold dark m atter cosmological models, which gave rise to the 
the missing satellite problem (jKlvpin et all 1 19991 ). This is only enhanced by the discovery that the 
dSph galaxies appear to be dark matter dominated systems, unlike globular clusters of similar total 
stellar mass. With the advent of efficient high dispersion spectrographs, large area CCD detectors, 
and 10-m class telescopes, studying stars in at least the nearer Galactic satellites at high spectral 
dispersion has become feasible. 



High resolution spectroscopy was obtained for 6 UMi giants b y IShetrone. Cote fc Sargent 



(|200ll ). and for three (including two duplicates from the earlier work) bv lSadakane et al.l (I2004T). one 



of wh ich was reexamined in an attempt to detect the radioactive actinide thorium by lAoki et al. 



(|2008l ). In this paper we present detailed abundance analyses of a sample of 10 luminous UMi stars 
near the RGB tip, which more than doubles the sample of UMi stars from the earlier works. Our 
goal is understanding the chemical evolution of UMi, and how this and other dSph galaxies may be 
related to the population of Galactic halo field stars and to Galactic globular clusters. The sample 
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is presented in S}2] where the procedure for determining their stellar parameters is described. The 
next section describes the observations, while §Q gives some details of the abundance analysis. We 
compare our results to those for Galactic halo field stars in apply our toy model for abundance 
ratios in t \5.1\ and discuss the age-metallicity relation in UMi in §5.31 A discussion of the predic- 
tions of nucleosynthesis and chemical evolution models as applied to UMi and to Draco is given in 
JJH We speculate on the role the dSph satellite galaxies might have played the formation of the 
Galactic halo in §6.11 A brief summary concludes the paper. 

This paper is a s equel to our earlier study of the chemical evolution of the Draco dSph 



(jCohen fe Huang||2009l ) (henceforth C09). The techniques used are similar and the reader is urged 



to consult our earlier work for additional details as necessary. 



2. Stellar Sample and Stellar Parameters 



Our sample in the UMi dSph galax y contains 10 stars; details are given in Table [TJ It was 
selected from Table 3.6 of lWinnicld (J2003J) to include stars which are known radial velocity members 
of this satellite to the Galaxy at or near the RGB tip spanning the full range in color and in 
metallicity, and not previously observed at high spectral resolution. Winnick measured the infrared 
Ca triplet in moderate resolution spectra of a sam ple of UMi stars chosen from earli er radial velocity 
surveys, excluding known carbon stars (see, e.g. IShetrone. Bolte h Stetson! Il998l ). Details of her 
calibration with metallicity and related issues were discussed in the appendix to C09. 



We adopt the procedures described in ICohen et all (120021 ) and used in all subsequent work by 
the first author published to date to determine the stellar parameters for our sample of luminous 
UMi giants. Our T e fj determinations are based on the broad band colors V — I, V — J and V — K 
and the predicted colors from the model grid o f iHoudashelt. Bell fc Sweigartl (|2000l ) . The optical 



photo metry is from the SDSS (jYork et aZ.ll2000l ) usi ng the transformation equations o f 



(|2002l ). The IR photometry is taken from 2MASS (jSkrutskie et al. 



1997 



Smith et al 



Cutri et adl2003r), and is 



transf ormed from the 2MASS system to the Johns on-Bessell system using the results o f ICarpenter 
(|200ll ). The galactic extinction is from the map of ISchlegel. Finkbeiner Davis I (j 19981 ): E(B — V) 
does not exceed 0.03 mag for any star in the UMi sample. 

We derive surface gravities by combining these T e jf with bolometric corrections from the model 
grid, the observed V corrected for reddening, an assu med stellar mas s of 0.8 Af Q , and the distance 
to the UMi dSph galaxy. We use the [Fe/H] values of IWinnickl (|2003l ) from the infrared Ca triplet 
as an initial guess. We iterate as necessary given the metallicity we derive here through analysis of 
our high resolution spectrs0. 



The resulting stellar parameters, which have been derived with no reference to the spectra 



This was also the procedure used for the Draco HIRES sample; the description of the procedure for determinations 
of log(g) given in C09 is not correct. 
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themselves, are given in the second and third columns of Table [2j as are the heliocentric radial 
velocities. The random uncertainties in the adopted T e ff from photometric errors are 100 K. This 
ignores systematic errors which may be present. The adopted uncertainties in log(g) based on the 
uncertainties in T e ff, the stellar mass, and the distance to UMi are 0.2 dex. 

Fig. [1] shows our sample of 10 luminous giants in UMi in a plot of q' — i! versus q' corrected 



for int erstellar reddening; the previou sly studied sample of 6 giants from IShetrone. Cote fc Sargent 



2001 



) and by ISadakane et al 



(|2004l ) is shown as we ll. Members of U Mi from th e list of 



(2003J) were cross indexed with the SDSS photometry (jYork et al.ll2000l ) from DR7 (jAbazaiian et al. 



Winnick 



2009) and are also di splayed. Superpose d in this figure are isochrones from the Dartmouth Stellar 
Evolution Database (jPotter et adbood ) for [Fe/H] -2.5 dex with [a/Fe] = +0.2 dex (solid lines) 
and for [Fe/H] —1.5 dex with [a/Fe] Solar (dashed lines) for ages 9 and 12.5 Gyr. 

Our HIRES sample of luminous UM i giants was sel ected to span the full range in metallicity 
as inferred from the Ca triplet indices by IWinnickl (|2003l ). Fig. Q] shows it does cover the full range 
in g' — i' color of the upper RGB of UMi members. The luminosity of the brightest UMi giants 
is in good agreement with that predicted from the isochrones for the RGB tip as a function of 
metallicity in the g',i' colors. The deduced ages will be described later in £ 15.31 



Observations 



The UMi stars in our sample were observed with HIRES-R (IVogt et al\\1994 ) at the Keck I 
telescope during three runs, in June 2008, Aug. 2009, and Feb. 2010. Sky conditions were good 
during all of these runs. An earlier run in 2005 was assigned for this purpose, but no usable spectra 
could be obtained at that time. The instrument configuration yielded complete spectral coverage 
in a single exposure from 3810 to 6700 A, and extends to 8350 A with small gaps between orders. 
The slit width was 1.1 arcsec (A/AA = 35, 000) for all exposures. The total exposure times for each 
star are given in Table [TJ the exposures were broken up into 1800 or 2400 sec segments to expedite 
removal of cosmic rays. The signal-to-noise ratios (S/N) per spectral resolution element at 5800 A 
in the continuum near the center of the echelle order are given in the last column of this table; they 
range from 80 to 100, but the S/N drops towards the bluer part of the spectra, becoming poor (less 
than 40) at the bluest end of these spectra. This S/N calculation utilizes only Poisson statistics, 
ignoring issues of cosmic ray removal, night sky subtraction, flattening, etc. 

The processing of the spectra w as done with MAKEE^I and Figaro ( Shortridge 1993 ) scripts, 
and follows closely that d e scribe d by ICohen et al\ (J2006J) . The equivalent widths were measured as 
described in lCohen et al\ ( 2004 ) . Due to the lower S/N in the blue, lines bluer than 4400 A were 



2 MAKEE was developed by T.A. Barlow specifically for reduction of Keck HIRES data. It is freely available on 
the world wide web at the Keck Observatory home page, http: 
www2.keck.hawaii.edu/inst/hires/data_reduction.html. 
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ignored if the species had sufficient other detected lines. Lines with W\> 175 mA were discarded 
except for two lines from the Mg triplet, the Na D lines and Ba II lines in some of the stars; for these 
key elements no or only a few weaker features could be detected in most of the stars. Table [3] lists 
the atomic parameters adopted for each line and their equivalent widths measured in the spectra 
of each of the UMi dSph stars. 

UMi N37, 33533, and 41065 show strong emission in the blue wing of Ha in their spectrum; 
the first t wo also show weaker emission in the red w ing of this line. UMi COS233 (COS ID numbers 
are from ICudworth. Olszewski, fe Schommerlll986l ) and JI2 show weak emission in the blue wing 
of Ha, with no emission detected in the red wing. No other anomalies were noted from visual 
inspection of the spectra. 



4. Analysis 



The analysis is identical to that of ICohen et all (|2008f) and e arlier references therein. In 
particular we use the model stellar atmo sphere grid o f lKuruca ((1993) and a current version of the 
LTE spectral synthesis program MOOG (ISnedenlll973l ). which treats scattering as LTE absorption. 



Our analysis assumes classical plane parallel stellar atmospheres and LTE, both for atomic 
and for molecular features. We adopt a Solar Fe abundance of log e(Fe)] = 7.45 dex based on our 
solar spectrum analysis, see also Asplund. Grevesse fe Sauval (j2005 ). This value is somewhat lower 
(by up to 0.10 dex) than that used by many groups, which leads directly to our [Fe/H] values for a 
given star being somewhat higher and to our abundance ratios [X/Fe] being somewhat lower than 
those which would be inferred by most other teams. Our gf values are generally taken from Version 
3.1.0 of the NIST Atomic Spectra Database (phsics.nist.gov/PhysRefData/ASD/index.html, NIST 
Standard Reference Database 78). A comparison of log gf values for Fe we adopt w ith those of 
the First Stars Project at the VLT (jCavrel et alll2004l ) was given in lCohen et al\ (|2008l ). and shows 
excellent agreement for both Fe I and Fe II. Corrections for hyperfine structure for Sc II, V I, Mn I, 
Co I, Cu I, B a II, and Eu II were u sed when necessary: the majority of the HFS patterns were 
adopted from IProchaska et all (|2000l ). 

Our abundances for C are from the 4320 A region of the G band of CH, where the absorption 
is less than in the main part of the G band at 4300 A. O abundances are primarily from the 
forbidden line at 6363 A; the radial velocity of UMi often shifts the 6300 A [O I] line to overlap 
the strong terrestrial atmospheric line at 6295.2 A, making it not usable. Our nominal Solar C and 
O abundances are 8.59 and 8.83 dex respectively. See C09 for further comments on the molecular 
abundances. 

Since the UMi stars are rather faint for 2MASS, the uncertainties in the K s magnitudes are 
fairly large, ranging up to 0.09 mag. We therefore feel free to slightly adjust T e jf and log(<7) after 
the first pass through the analysis to improve the ionization equilibrium and slope of the abundances 
determined from the set of Fe I lines as a function of x (the- excitation potential of the lower level). 
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These spectroscopic stellar parameters are given in the fourth and fifth column of Table [2] and are 
the ones used subsequently. With these values we were able to achieve good ionization equilibrium 
for Ti and Fe as well reasonable excitation equilibrium of Fe I. Table [5] gives the slope of a linear 
fit to the abundances determined from the set of Fe I lines as a function of x, W\, and A, which 
are most sensitive to T e tf, v t , and the wavelength dependence of any problems in establishing the 
correct location of the continuum (perhaps arising from the more severe crowding towards bluer 
wavelengths) or of a missing major source of continuous opacity, respectively. There are ~ 75 to 
190 Fe I lines detected in each star, with x ranging from to ~4.5 eV. The only slope which is 
large enough to be of concern and which tends to have the most significant correlation coefficient 
is that with % (| cc(x) | > 0.4 for some of the sample giants), which depends largely on T e ff. 
In our final adopted solutions, the Fe I slope as a function of x tends to be slightly negative, with 
values ranging from —0.02 to —0.11 dex/eV, with small | cc(x) | for the most negative values. This 
slope decreases by ~0.1 dex/eV/(AT e jj= +250 K). A decrease in T e ff of a maximum of 125 K, 
consistent with our adopted T e ff uncertainty, would make all these slopes consistent with zero, 
and would decrease the [Fe/H] derived from Fe I lines by ~0.2 dex, but would ruin the ionization 
equilibrium of Ti. 

One potential concern is the possibility of non-LTE in Fe affecting the ionization equilibrium. 
This is discussed in detail in C09. The slightly negative Fe I slope with excitation potential 
mentioned above may be a sign that overionization of Fe is occurring. If this were the case, we 
would have been driven to adopt a higher T e fj than the actual value; our derived [Fe/H] values 
would be too high as indicated above, but the deduced abundance ratios would not be significantly 
affected by such a decrease in T e ff. With this in mind, we adopt asymmetrical uncertainties for 
T e ff of +100 K, —150 K. Since we have been able to achieve satisfactory ionization equilibrium for 
Fe and for Ti and at the same time reasonably good excitation equilibrium for Fe with a single value 
of T e ff which differs from that set solely from broad band photometry by 50 K or less for more 
than half of the UMi giants, we regard our choices for stellar parameters as satisfactory. Ideally, of 
course, one would like to have a full non-LTE 3D analysis including both convection and spherical 
(as distinct from plane parallel) layers for all species, but at the present time this is not practical. 

Our derived abundances for the 10 UMi luminous giants are given in Tables [5a] and I5b[ The 
sensitivity of the absolute and relative abundances for each species detected to small changes in 
T e ff, log(g), microturbulent velocity, and assumed [Fe/H] for the stellar atmosphere model are 
similar to those we calculated for Draco; see Tables 5 and 6 of C09. The only non-LTE correction 
we have made is to the Al abundance when the 3961 A resonance line of Al I was used; in many 
cases this was the only feat ure of Al that could be detected. We adopt a correction of +0.60 dex 



based on the calculations of lBaumiiller Gehrenl (|1996l . 1 1 99 71 ) . 



We compare the [Ca/H] derived by IWinnickl (120031 ) based on her infrared Ca triplet indices 



with our values from HIRES spectra. The result for UMi and for Draco from C09 is shown in 
Fig. El We find (for UMi only) that [Ca/H] (HIRES) = -0.21 + 0.98 x [Ca/H](Winnick/CaT] 
with a around the linear fit of only 0.13 dex. 
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5. Comparison with Galactic Halo Field Stars 



We compare the behavior of abundance ratios within UMi to those of Galactic halo field stars 
in detail. The sample of UMi stars with detailed abundance analyses based on h igh dispersion 
spectra is now 16, including the 10 we present here. IShetrone. Cote fc Sargentl (|200ll ) presented an 
analysis for 6 UMi members; there is no overlap with our sample. We ignore their star K, which 
th ey state is a carbon sta r. Better spectra taken with HDS at the Suba ru telescope were analyzed 



by ISadakane et al.l (|2004l ) for three stars, two of which were included in 



Shetrone. Cote h Sargent 



(|200ll ). In view of the much higher S/N of the ISadakane et al.l (120041 ) spectra, we adopt their 
abundances for these two stara^|. 

We proceed by examining a series of plots (Figs.[3lto ll7p in which we show t he UMi sample, both 

our 10 stars (indicated by large filled circles) and the 6 observed previously from lShetrone. Cote Sargent 
(|200ll ) (denot ed by small open circl es, and less accurate than subsequent UMi studies), with the 



more accurate ISadakane et al.l (J2004J) abundances indicated by large open circles. These figures also 
displa y current results for Galactic halo stars, but see also the seminal early review of iMcWilliam 



(|1997l ). The main halo survey included is the 0Z project led by J. Cohen to datamine the Ham- 



burg/ESO Survey for extremely metal-poor stars in the Galactic halo. Many of the most metal-poor 



Cohen et al. 


(2004 


) and 


Cohen et al. 



(|2008l ). with the difference that most of the spectra for the 0Z project were taken further towards 
the blue than those of the dSph stars, a move necessary because of the low density of lines in the 
red in spectra of such low metallicity stars. Only the giants in the metal-rich end of the 0Z project 
database, much of which is not yet published (J. Cohen, N. Christlieb et al, in preparation), is 
shown in these figures. A number of other halo field star surveys , the most import ant of which 
at the lower metallicities probed here is th e Firs t Stars Project (ICayrel et all 120041). ar e shown, 
including those stars from Mc William et al. (jl995l ) not re-observed by Cayrel et all ( 2004 ). 



It should be noted that these Galactic halo field star surveys are d ominated by i nner halo 
stars with Rgc < 20 kpc adopting the inner/outer halo boundary set by I Car olio et all (|2007l ). If 
one redefines this boundary to lie at a somewhat smaller Rgc, then many of the 0Z giants are 
in the outer halo. Much smaller samples of probable outer halo dwarfs in the local neighborhood 
have been isolated from their kin ematics, and their c hemical inv entory analyzed in deta il in several 
previo us studies, in particular by lNissen Schusteil ()1997l . l2010l ) and by lStephensI ()1999l ). iRoederei 
(|2008l ) has compiled a sample of halo stars with parallaxes to isolate outer halo stars. These studies 
collectively find a small deficit in [Mg/Fe] in outer halo stars as compared to inner halo ones shown 
by the dotted and dashed lines in Fig. [6l accompanied by slightly subsolar [Na/Fe] and [Ni/Fe]. 



We will see that the differences in the chemical inventory between Galactic halo field stars and 



3 Our spectra ha ve S/N consider a bly h igher than those of 
lower than those of Sada kane et all (|200J). 



Shetrone. Cote fe Sargent 



( 200 if ), and perhaps slightly 
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the UMi sample, which may be a function of Fe-metallicity, are small, not larger than ~0.3 dex 
in most cases. This means that some care is required to ensure that all the abundances from the 
various sources are homogeneous. While we have not done a full check of this, we have taken a few 
steps the first of which is to adjust each survey to our set of Solar abundances, particularly to our 
adopted value of [Fe/H], whenever possible. Specific cases where there are clear problems related 
to issues of homogeneity between the various analyses are noted individually below. 

Overall the abundance relations we find here for the UMi augmented sample are more clearly 
defined with less scatter than we found earlier for Draco. In part this is a consequence of the 
(small) difference in distance, with UMi being somewhat closer, hence having somewhat brighter 
stars near the RGB tip, resulting in better spectra. But we wonder if part of this is also a result 
of the more extended epoch of star formation in Draco than in UMi, resulting in a more complex 
chemical evolution with stronger spatial variations within the Draco dSph. 

The trend of [C/Fe] versus [Fe/H] is shown in Fig. [3j based for the majority of these stars 
on the strength of the G band of CH. The solid lines represent t he mean behavior of thick disk 
dwarfs from the survey bv lReddv. Lambert &: Allende Prietol (|2006l ). The C abundance in luminous 
giants is lowered substantially from an initial [C/Fe] ~ 0.0 dex due to intrinsic nucleosynthesis (the 
CN cycle of H burning) followed b y dredge-up to the stellar surf ace of processed material within 
which C has burned to N (see e.g. ICohen. Briley fc Stetson! 120051 ) . The C abundances in most of 
the luminous UMi giants studied here are abnormally low, presumably due to mixing; their initial 
C abundances cannot be determined. Note that in Fig. [3] and those that follow the asymmetric 
uncertainties we adopted in ^2] are shown for [Fe/H], but not for abundance ratios [X/Fe]; for the 
latter the larger uncertainty is plotted. 

It is quite difficult to measure O abundances in metal-poor giants. The set of features that 
can be used is very limited and each has problems. This has resulted in considera ble controversy 
abou t O abundances in metal-poor stars in recent years, see e.g. the discussion in Melendez et all 
(|200J). The forbidden 01 lines at 6300 and 6363 A line are very weak, and the 7770 A triplet, 
which has substantial non-LTE effects, is not detectable. [O/Fe] ratios for the UMi giants and for 
a compilation of surveys in the literature are shown in Fig. HI 

The arrow in Fig. H] indicates the pro bable correction for ID to 3D effects required for lu- 
minous giants given by ICayrel et all (J2004|), which has not been implemented, but which would 
bring the plateau in [O/Fe] down t o a me an level of ~+0.5 dex. The lines are linear fits from 
Ramirez. Allende Prieto &: Lambertl (|2007l ) to their samples of thick disk and halo dwarfs (solid 
line) and to thin disk dwarfs (dashed line). They use only the 7770 A triplet, with appropriate 
non-LTE corrections; these lines become detectable in dwarf stars but are considerably weaker in 
giants. The net result is that the UMi giants appear low in [O/Fe] when compared to samples of 
field halo giants which rely on the same 6363 A forbidden line. 

Fig. [5] shows that the UMi giants clearly have [Na/Fe] somewhat lower than the Galactic 
halo field stars over the entire metallicity range spanned within UMi, a trend seen at intermediate 
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metallicities for outer halo local dwarfs bv lNissen &: Schus ter (201C) . The re is a very large range in 
[Na/Fe] among the highest Fe-metallicity stars in UMi. ISpite et all (|2005l ) found that Na/Fe ratios 
vary by a factor of ~5 from star to star among very metal-poor luminous RGB stars, which they 
interpret as as a result of deep mixing. The figure suggests that there is a separation of ~0.2 dex for 
[Na/Fe] at a fixed [Fe/H] between the two large surveys of very metal-poo r halo field stars, i. e. the 
First Stars Survey led by R. Cayrel and the OZ Survey led by J. Cohen. Andrievsky et al. (j2007l ) 
have demonstrated that non-LTE effects in [Na/Fe] based solely on the NaD lines are substantial 
and depend on the luminosity and T e ff of the star. Hence part of the origin of this difference for 
[Na/Fe] may arise from a difference in mean sample luminosity between these two surveys of halo 
field stars; see C09 for additional discussion. 

Fig. [6] shows the important hydrostatic a-element Mg, a nother element wit h only a few acces- 
sible features in our UMi spectra. The published va lues fromlCavrel et all ( 120041 ) for the First Stars 



project have been increased by 0.15 dex following iBonifacio et al. 



(120091 ) . We find that [Mg/Fe] 



is constant to within the uncertainties at the s uper-solar value of ~0.35 dex, consistent with that 
typical of outer halo Galactic giants found by iRoedererl ()2008l ). at all Fe- metallicities among the 
UMi giants. The highest [Fe/H] UMi giant, COS171, has [Mg/Fe] 0.5 dex lower than the three 
other stars of similar [Fe/H]. It is a low outlier for this and for many other species and is discussed 
57. 



m 



The behavior of the explosive a-element Si is shown in Fig. [7] with the mean relation for 
thick disk stars from iReddy. Lambert &: Allende Prietol (|2006l ) indicated. The figure shows good 
agreement between the 0Z and First Stars Project abundance ratios for this element. The lowest 
Fe-metallicity UMi giants show [Si/Fe] consistent with that of Galactic halo stars, but this ratio falls 
steadily with increasing [Fe/H] in UMi, while it remains constant among the halo stars. The Solar 
ratio of [Si/Fe] is reached at [Fe/H] ~ —1.6 dex, far more metal-poor than is typical of Galactic 
populations. 

The explosive a-element Ca also has problems with inconsistencies between the two large sur- 
veys of very metal-poor halo stars, the First Stars Project and the 0Z Project; this issue is discussed 
in C09. No detectable difference between the inner and outer halo was found by Roederer (|2008l ) 



or 



Ishigaki. Chiba fe Aokil (|2010l ). so the mean distance of the halo sample is not relevant. Ignoring 



the low outlier COS171, [Ca/Fe] is +0.1=L0.1 dex for all the UMi giants. If the 0Z measurements 
of [Ca/Fe] arc adopted, then the luminous UMi giants have [Ca/Fe] comparable to, or only slightly 
lower than, those of Galactic halo stars over the full range of [Fe/H] found in UMi. 

Figs. l9l and 1 101 show the beh ayior for Sc and the explosive a-element T i respectively. The mean 
relation for thick disk stars from lReddy. Lambert &: Allende Prietol (|2006l ) is shown for the latter. 
In both cases there is good agreement between the abundance ratios deduced by the 0Z Project 
and the First Stars Project. [Sc/Fe] is slightly sub-solar and below the Galactic halo field giants 
over the full range of [Fe/H]. For the explosive a-element Ti the metal-rich UMi stars are slightly 
above the solar value, but fall below the halo field. [Ti/Fe] at the extremely metal-poor end of the 
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UMi sample may be closer to the halo field, but the value is uncertain there. 



In UMi it is the explosive a-element Si which shows the strongest divergence from the Galactic 
halo field as a function of in creasing [ F e/Hh The hydrostatic element [Mg/Fe] behaves fairly close 
to the outer halo trends of iRoedereri (120081 ) , The small range in [Mg/Fe] seen among the UMi 
giants is in contrast to Draco (see C09), where there is a stronger decrease as [Fe/H] increases. The 
latter might be expected for a more extended epoch of star formation since Mg , unlike Ca or Si, is 
prod uced only in SNII, while Ca and Si are produced in both SNII and SNIa (jWooslev fc Weaver 
19951 ). However, given the postulated very short duration of star formation within UMi, the SNIa 
never had time to contribute for any element in this dSph, while in Draco, star formation lasted 
long enough for some SNIa contribution. 

There are several elements which probably have metallicity dependent yields, related to the 
value of the neutron excess, such that at low metallicity, the yield is reduce d, as appears to be the 
case for the UMi stars. This includes Na, Sc, Mn (see e.g.lCescutti et a 12008), Ni, and Zn ; their pro- 
duction is discusse d in Arnett ( 1971) (see also Clayton I2OO3I ) fo r Na^Wooslev fc Weaver ( 1995) and 
Limongi fc Chieffil (hood) for Sc.lWooslev & Weaver! j[1995j) and lOhkubo. Umeda. Nomoto Yoshidal 
(|2006l ) for Ni, and iTimmes. Wooslev Weaverl ()1995l ) for Zn. Stronger odd-even effects are foun d 
for lower metallicity and, in the case of Sc, for lower mass progenitors (|Limongi &; Chief fi 2003). 
Thus a relative absence of the higher mass SNII with M > 35M might give rise to the low [Sc/Fe] 
in the UMi and in the Draco sample. 

[Cr/Fe] (Fig. [TT|) and [Mn/Fe] (Fig. PT2]) for the UMi giants overlaps the lower edge of the 
distribution for Galactic halo field stars. Both of these abundance ra tios decline rapidly as [Fe/H] 
decreases in Galactic halo field stars. A known problem discussed in lCohen et al\ (|2004l ) requires 
that the Mn abundance derived from the 4030 resonance triplet lines be increased by 0.2 dex. These 
are the strongest Mn I lines in the optical and the only ones accessible for extremely metal-poor 
stars. The offset has been applied to the two mo s t met al-poor UMi giants, where these were the 
only Mn features detected. iBergemann &: Gehrenl (J2008J) suggest that the non-LTE corrections for 
Mn in very metal poor giants are large and positive, and will flatten the [Mn/Fe] ratio to a constant 
value of about —0.1 dex for [Fe/H] < —1.5 dex. Since all the stars used here are luminous giants, 
the non-LTE effects will presumably be of comparable size for every star of a fixed [Fe/H], and 
hence will not significantly affect statements regarding relative differences between the UMi giants 
and the Galactic halo giants. 

Fig. [13] displays the [Co/Fe] ratios which for Galactic halo stars rise rapidly from near the Solar 
ratio as [Fe/H] decreases below —2 dex. Co was only detected in one of the two EMP stars in our 
UMi sample, but at higher [Fe/H], it is slightly subsolar, perhaps somewhat lower than the halo 
stars. However, there is only one Co I line with equivalent width exceeding 20 mA in most of these 
stars, which is at 4121 A, uncomfortably far in the blue. Given the paucity of suitable lines, any 
conclusion regarding the behavior of [Co/Fe] in UMi is stil l unce rtain. The large positive non-LTE 
corrections suggested by IBergemann. Pickering &: Gehrenl (|2010l ) further complicate the situation. 
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The nickel abundance relative to Fe (Fig. [T4")) appears to fall below that of the halo field (which 
has [Ni/Fe] at the Solar ratio over th e entire range of Fe-metallicity) among the higher metallicity 
UMi stars. iNissen &: Schuster! (|2010l ) suggest that in the outer halo [Ni/Fe] is slightly subsolar. 
The [Ni/Fe] ratios for the lowest metallicity UMi stars overlap in Fig. Q3] those of Galactic field 
halo stars. 

The Galactic halo field samples from the OZ Project and the First Stars Project overlap well 
for the abundance ratio [Zn/Fe]. Among field halo stars, [Zn/Fe] is close to the Solar rat i o but rises 
rapidly below [Fe/H] ~ —2 dex, as shown most recently for halo dwarfs bv lNissen et all (|2008l ). In 
the UMi giants, [Zn/Fe] behaves similarly to the Ni abundance ratio for intermediate metallicities; 
the UMi stars fall below those in the Galactic halo and below the Solar ratio in this regime of 
[Fe/H]. At the lowest metallicities, [Zn/Fe] for the UMi giants appears to rise above the Solar 
value. 

The Galactic halo field samples fr om the OZ Project and the First Stars Project (data for 
Sr and Ba is from iFrancois et all 120071 ) overlap well for the abundance ratio [Sr /Fe] versus Fe- 
metallicity shown in Fig. [T6j The Sr II lines used are the resonance lines at 4077 and 4215 A; they 
are uncomfortably far in the blue for the UMi spectra, where the S/N is rather low. The limited 
detections of these lines for the UMi giants, including those with [Fe/H] < —3 dex, suggests that 
[Sr/Fe] is approximately constant at —0.1 dex. This is in good agreement with the behavior of the 
bulk of the halo field star sam ples. Fig. 1171 shows the abundance ratios [Ba/Fe], with the mean 
for the Galactic thick disk from lReddy. Lambert Allende Prietd (120061 ) indicated as a solid line. 
The UMi giants follow the lower envelope of the halo field stars. The data for Eu and other heavy 
neutron capture elements is discussed in £ 15.21 



5.1. The Toy Model Fits of C09 Applied To the UMi Abundances 

The 10 UMi giants in our sample have [Fe/H] between —1.35 and —3.10 dex. To provide 
a context for the understanding of our results we apply to the UMi sample the toy model fits 
for the behavior of abundance ratios [X/Fe] vs [Fe/H] developed for our sample in the Draco 
dSph described in detail in C09. This toy model was guided by the behavior of abundance ratios 
in Galactic populations, the thin disk, thick disk, and Galactic halo field stars since the same 
nucleosynthetic processes are involved, although they may contribute different relative fractions to 
the chemical inventory in different environments. 

Our toy model fits offer important clues for the importance of various nucleosynthesis processes 
in the UMi and the Draco dSph galaxies as compared to in the Galactic thick disk and halo 
stellar populations. The parameters of the toy model depend on the nucleosynthetic yields for 
the production channels for each of the elements X and Fe, the IMF, the rate of star formation, 
accretion, loss of gas via galactic winds, interaction between the dSph and the Milky Way via tides, 
ram pressure stripping, etc. as will be discussed in 
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The toy model sets [Fe/H](A) as the mean for the lowest metallicity stars in the UMi sample, 
and A(X) is the mean of [X/Fe] for the same stars. [Fe/H](B) is the mean [Fe/H] for the high- 
est metallicity stars, and B(X), a value of [X/Fe], is defined similarly. The toy model represents 
such relationships as a plateau in [X/Fe] at the value [X/Fe] (low) over the range [Fe/H] (A) to 
[Fe/H](low,X) and another plateau at a value of [X/Fe](high), from [Fe/H](high,X) to [Fe/H](B). 
A straight line connects the two plateaus. Thus our model has four variables whose values are 
determined directly from the dataset of [X/Fe] as a function of [Fe/H], with two additional fit pa- 
rameters. We solve for the two free parameters in this toy model [Fe/H] (low, X) and [Fe/H] (high, X) 
by minimizing the variance around the fit. The resulting parameters are given in Table 

We apply this toy model to to 11 elements for which sufficient accurate data is available for 
UMi members. We use the augmented sample of UMi giants, ignoring the outlier COS171 which is 
discussed in detail in §5.41 leaving a sample of 15 UMi stars. We use the two lowest metallicity stars 
in the UMi sample to determine the plateau values A(X) and [Fe/H] (A). At the high metallicity end, 
we use three highest metallicity UMi stars, each of which has [Fe/H] — 1.6db0.1 dex obtained from 
a high quality spectrum, to determine the plateau values B(X) and [Fe/H](B). In solving for the 
two fit parameters, weights are h alved for the 3 stars with lower accuracy spectra, which are those 
from IShetrone. Cote k, Sargentl (|200ll ) not reobserved with the Subaru/HDS by ISadakane et al 



(J2004J) . The resulting parameters for each element are listed in Table [6] and the fits are shown when 



available in Figs. [5] to [TTJ 

The uncertainties in A(X) and in B(X) are approximately those of a [X/Fe] for a single UMi 
star from our sample. These values are given in Tables 5 and 6 of C09. Thus, for example, for 
[Mg/Fe] they are ±0.14 dex. A(Mg) is only 0.13 dex larger than B(Mg), so the decline in [Mg/Fe] as 
[Fe/H] increases in the UMi sample is not statistically significant. The decrease in [Na/Fe], [Si/Fe], 
and [Zn/Fe], and the increase in [Cr/Fe], [Mn/Fe] and [Ba/Fe] as [Fe/H] increases are statistically 
significant. Even when the change between the low and high metallicity abundance ratio is clearly 
statistically significant, the values for the knees of the distribution, [Fe/H] (low) and [Fe/H] (high) 
are quite uncertain due to the small sample of UMi giants coupled with the uncertainty of the 
individual [X/Fe] determinations for each UMi giant. 

To overcome the large uncertainties in the location of the knees of the fits, we have com- 
bined several elements, assuming that at least some elements, if not all, share the same values of 
[Fe/H] (low, X) and [Fe/H] (high, X). This dramatically increases the number of data points in the fit 
and lowers the uncertainties for the final derived parameters. 

The [Fe/H](low/high,X) parameter space of interest is limited to a triangular area in the 
[Fe/H] (low,X)-vs- [Fe/H] (high,X) plane because [Fe/H](low,X) < [Fe/H](high,X). In this area, 100x100/2 
sampling points are uniformly distributed. For each sampling point (i.e. a pair of [Fe/H] (low, X) 
and [Fe/H] (high, X)), we calculate the x 2 residual for each element using the already determined 
values of A(X) and B(x) for each element. Then we add up the residuals for all of the elements 
used in the combined fit. The summation is the \ 2 residual at that sampling point. We apply this 
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procedure to all sampling points in the triangular area, and obtain the residual x 2 valley for the 
combined elements. The lowest position of the valley gives us the best fit parameters, as is shown 
in Fig. [THJ Three such combined fits were calculated; the results are given as the last entries in 
Table El 



We estimate the uncertainties for the best combined fit results as follows. We set Xmm *° the 
minimum value of all x 2 we calculated within the triangular region of interest in the [Fe/H] (low, X)- 
vs-[Fe/H](high,X) plane. Then the "equal-altitude" contour line with x 2 — X m m = Xmin/C^ ~~ 3) 
roughly defines the I- a range of the fitting results, and that with x 2 ~ Xmm = ^Xmm/i-^ ~ 3) 
roughly defines the 2-cr range, where N is the number of data points used in the fit procedure. 
JV in a combined fit is d r amat ically larger than in a single-element fit. Each data point from 



Shetrone. Cote fc Sargentl ( 200ll ) is counted as 0.5 in N, and their x 2 contribution is also weighted 
by a factor of 0.5. The derived [Fe/H](high,X) for each of the three combined fits is identical to 
within the uncertainties with [Fe/H](B), suggesting we did not detect any plateau in [Fe/H] at the 
high metallicity end of the UMi sample. 



5.2. The Heavy Neutron Capture Elements 



Just as the relative contribution of SNIa as compared to SNII to the chemical inventory of the 
ISM provides a timescale, so too does t hat of the r versus the s-proce s s for h eavy neutron capture 
elements. The s-process, reviewed in iBusso. Gallino Wasserburgj (|1999l ). occurs primarily in 
intermediate mass AGB stars. The site of the r-process is less clea r, but is suspected to be in SNII 
during the formation of a neutron star (|Qian fc Wasserburg 1 120071 ). 



Here we emphasize the difference in behavior for these elements between the UMi and Draco 
dSph galaxies and the galactic halo field stars. Unlike Draco, [Sr/Fe] (Fig. [To]) remains high 
(approximately at the solar ratio) over the full range of [Fe/H] in UMi, while it falls for the lowest 
[Fe/H] stars in Draco. The former behavior is that of the mean for the halo field, while the 
latter is that of the low extreme of the Galactic halo field population. The behavior of [Ba/Fe], 
though, is similar in the two dSph galaxies, and lies at the low extreme of the range shown by 
halo field stars at low metallicit y. Thus far, no star with [Ba/Fe] as low as the outlier Draco 119 
(|Fulbright. Rich & CastrolboO-d ) has been found in UMi. The low outlier in UMi (COS171) is low 
for its rather high Fe-metallicity for all the neutron capture elements; it is ~0.8 dex low for [Ba, 
La, Ce, Nd, and Eu/Fe]. 

But the most important difference between the behavior of UMi and Draco for these elements is 
shown in the upper panel of Fig. [T9l which displays the abundance ratio of the elements diagnostic 
for the s-pr ocess (Ba) and t he r-p rocess (Eu). The solar r-process ratio shown in the top panel is 
taken from Simmer er et all ( 2004 ): the solar ratio is a mixture of r and s-process material, while 
the pure s-process ratio for [Ba/Eu] lies above the top of the figure. Unlike Draco, even at the 
highest metallicities reached in UMi, there is still no sign of a contribution from the s-process, 
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while in Draco there is. Another symptom of this is seen in the lower panel of this figure, where the 
[Eu/Fe] ratios are very high for the highest [Fe/H] giants in UMi, while in C09 they appear to drop 
towards solar for the higher metallicity Draco giants. The exceptions in the lower panel are the 
outlier UMi COS171 and UMi 28104, which is strongly depleted in the neutron capture elements 
in the second (Ba) peak, as is shown in Fig. [XT] but note that both stars follow the rest of the UMi 
sample, displaying the r-process ratio, in the upper panel of Fig. CEl 

The UMi giants are slightly brighter than the Draco giants, and this helps in the secure 
detection of the many neutron-capture elements with only a few weak lines, including La, Ce, and 
Nd, among the stars at the metal-rich end of the UMi sample. The ratios among these elements also 
support the conclusion tha t the neutron capture e lements in UMi originate entirely in the r-process, 



as was suggested earlier by lSadakane et al.1 (120041 ) . As one expects in such a case, [Nd/Fe] shows an 



enhancement which is roughly 0.5 dex smaller than that of [Eu/Fe], consistent with the description 
of Nd as having roughly equal contributions in the Sun from each of the r and s-process, while for 
Eu, the r-process dominates. 



Simmerer et all (|2004l ) suggest that in the Galactic halo, signs of the s-process begin only at 
[Fe/H] > —2.6 dex, and a mean [Eu/La] ratio halfway between the pure r-process value and the 
Solar ratio is reached on ly at [Fe/H] ~ — 1.4 dex. The survey of cool metal-poor local dwarfs of 



Mashonkina et al (|2003l ) reaches the halfway point in [Eu/Ba] from pure r-process to the Solar 



mixture only at [Fe/H] ~ —0.5 dex. Thus the result from Fig. [19] is clear; the UMi distribution 
is close to that of the Galactic halo, while in Draco, the s-process becomes important at a Fe- 
metallicity significantly lower than is characteristic of the Galactic halo. 

The relative population of the first and second peaks in neutron capture heavy element abun- 
dances is shown in Fig. [20] using Y vs Ba. In the lowest metallicity UMi stars, one sees primarily 
the very low fraction of Ba compared to a normal fraction of Y, while in the somewhat higher 
metallicity UMi stars, [Ba/Fe] approaches the solar value, and [Y/Ba] becomes slightly subsolar, 
and well below the value typical of the halo fielcEl Clearly for the lowest metallicity UMi giants, 
production of additional Sr and by some addition al mechanism s u ch as the "weak r-process" or 
the "lighter element primary process" introduced by Travaglio et al (j2003l ) is required. 



5.3. Age Metallicity Relation for UMi 

A very useful diagnostic of the star formation rate as a function of time is the age - metallicity 
relationship. We construct this for UMi using [Fe/H] values obtained from detailed abundance 

4 The equivalent figure of C09, Fig. 19, shows [Ba/Sr] as a function of [Fe/H]. The Draco data are correctly plotted, 
but a mistake was made in the location of the r and s-process ratios in that figure. They should both be very close 
to the Solar ratio. 

5 The Zr abundances for the UMi sample are quite uncertain. 
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analyses for the augmented sam ple in UMi incl uding results fr om lShetrone. Cote fc Sargentl (|200ll ) 
and from ISadakane et al.l (|2004h . [Ca/H] from IWinnickl (|2003l ) for the remaining members of UMi 
she observed at moderate dispersion was tr ansformed into [Ca/H] (HIRES) using using the linear fit 
given in §Q SPS S photometry from DR7 (jAbazajian et aZ.1 120091 ) for these stars is combined with 



the isochrones of iDotter et al\ (|2008l ). We adopt a relation between [a/Fe] and [Fe/H] based on 
our results described above. Given [Fe/H], [a/Fe], the colors, the distance of UMi and the adopted 
reddening, we can determine the age of each UMi giant. 

We do this for each star with Mj/ < —2.0 mag. The isochrones along the RGB for lower 
luminosity stars converge too much in the (g f - V) color to attempt this. The results are shown in 
Fig. |2T1 Stars which are slightly redder than the reddest isochrone for the appropriate metallicity 
are assigned ages of 14 Gyr. The (large) uncertainty is these ages is discussed in C09. 

The median age for the 40 UMi giants is 14 Gyr, which is considerably higher than the median 
we found in C09 for Draco luminous giants. In the mean, th e UMi stars are of a uniform old age, 
in good agreement with the CMD analysis of HST images by iDolphinl (|2002l ) and more recently by 
Orban et all (|2008l ). There is a hint of an age-metallicity relation, with the highest metallicity stars 
being ~ 3 Gyr younger on average than the bulk of the UMi stellar population. 



5.4. Outliers in UMi and in Draco 



As noted above, our UMi sample contains one outlier, COS171. This star seems depleted in 
everything except Fe, or perhaps received a substantial amount of pure Fe ejecta in addition to a 
more normal mix. In hindsight, Draco XI-2 may be a less ex treme case (see C09) . The Galactic halo 



contains a very small number of very peculiar stars (see, e.g. ICohen et al. 



2008 



Lai et oij|2009 ). but 



none of these know n to the authors co me close to matching the characteristics of COS171. The low 
a stars discussed bv llvans et al\ (|2003l ) show peculiarities only for the a and heavy neutron capture 
elements and are are much less depleted in these elements with respect to Fe than is COS171. 

While COS171 is indeed unique within the Draco, the UMi, and Galactic halo samples of stars 
with detailed abun dance analyses, it is highly reminiscent of the more extremely depleted stars in 
Fornax analyzed by iLetartd (|20071 ). but COS171 has a somewhat lower [Fe/H]. This analogy holds 
through the Fe-peak, but not for the heavy neutron capture elements. Somehow this star shares 
many of the ch aracteristics of sta rs in a galaxy that has experienced extended star formation over 
at least 5 Gyr (jOrban et alll2008l ) with a mean [Fe/H] much higher than that of Draco or UMi. It 
is interesting to note that its estimated age (see §5.3p is 9.4 Gyr, considerably younger than that 
of the vast majority of the UMi stellar population, but the errors on this age are quite large. 



The only outlier in the Draco sample discussed in C09, Draco 119 (jFulbright. Rich fc Castro 



2004 ) . has a very different behavior; it is normal for most elements, and is a low outlier only for 
the neutron capture elements beyond the Fe-peak. Given the low star formation rate in these 
low-metallicity dSph galaxies and the extremely low fraction of the neutron capture elements even 
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at Solar metallicity, a wide range in the abundances of these very rare heavy elements, as is seen 
in Galactic halo field stars at very low metallicity, should be expected. 



6. Chemical Evolution of the UMI dSph Galaxy 



In addition to our UMi analysis reported here and that of Draco in C09, as of today, there are 
only three other dSph galaxies with published detailed abundance analyses from high dispersion 
spectra for 14 or more stars to w hich we can compar e our Draco results. T hese are the Sgr dSph 
(the main core, not the stream) (Monaco et alll2005l ; ISbordone et all 120071 ) and the Carina dSph 
gal axy, for which Koch et all (|2008al ) combines his analysis of 10 giants with 5 from the earlier study 



by IShetrone et all (|2003l ) . The extensive study of Fornax by iLetartd (|2007l ) is not directly relevant 
as the lowest metallicity stars in their Fornax sample barely overlap the highest metallicity giants 
in UMi or Draco. 

In comparing our results for UMi, our earlier work in Draco (C09), and published studies of 
more metal-rich dSph Galactic satellites, there appears to be a pattern of moving from a chemical 
inventory for dSph giants with [Fe/H] < —2 dex which is very similar to that of stars in the outer 
part of the Galactic halo (enhanced a/Fe relative to the Sun, coupled with subsolar [X/Fe] for 
the heavy neutron capture elements and r-process domination), switching to subsolar a-elements 
and super-solar s-process dominated neutron capture elements for the highest [Fe/H] dSph stars. 
The combination of low star formation rates over a varying and sometimes extended duration that 
produced the stellar populations in the local dSph galaxies with [Fe/H] > —1.5 dex leads to a 
chemical inventory wildly discrepant from that of any component of the Milky Way. 

To demonstrate this in detail, we apply our toy model to the recent data for the Carina and the 
Sgr dSph galaxies. Fig. [22]for [Mg/Fe] and for [Ti/Fe] show the fits for these two galaxies, for UMi, 
and for Draco. The fits for the Milky Way thin and thick disk are also displayed. This figure clearly 
demonstrates the differences among the dSph satellites for [Mg/Fe] as a function of [Fe/H]. The 
UMi sample is constant to within the uncertainties at [Mg/Fe] ~ + 0.35 dex. For the other dSph 
galaxies that relation begins high at low metallicity but [Mg/Fe] begins to decline at considerably 
lower [Fe/H] for higher metallicity star; the [Fe/H] at which this decline begins increases as the 
mean metallicity of the dSph increases. A similar situation occurs for [Ti/Fe], but with a smaller 
total range in this ratio, hence the differences in the trends for the various dSph galaxies are less 
certain. What definitely is changing between the various dSph galaxies is the Fe-metallicity range. 
Among the dSph satellites with suitable abundance data, the UMi and Draco systems have the the 
lowest mean [Fe/H] for their giants, Carina is intermediate, and Sgr is closest to the Milky Way. 

The knee values [Fe/H] (X, low) and [Fe/H] (X, high), which represent the timescale (or, more 
correctly, the [Fe/H]) at which the relative contributions of processed ejecta into the ISM of the 
system from the various nucleosynthesis sites change significantly, are also changing for these two 
(and other) elements among the various dSph Galactic satellites. The Galactic thick and thin 
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disk populations all approach [X/Fe] = close to or at the Solar Fe-metallicity, i.e. B(X) and 
[Fe/H](high,X) ~ 0. But in UMi and in Draco, as is shown for UMi here in Tableland for Draco 
in Table 8 of C09, the approach toward Solar ratios for some elements begins at a considerably 
lower [Fe/H]. For example. [Fe/H](low,Si) is —0.5 dex for the Milky Way thick disk, —1.6 dex for 
UMi, and —2.0 dex for Draco. In addition, the relative contributions of the r vs the s-process 
to the production of heavy neutron capture elements varies a lot among the dSph galaxies, with 
UMi showing no detectable contribution from the s-process, believed to originate from intermediate 
mass AGB stars, consistent with its short epoch of star formation. 

Recent models of chemical ev olution f o r the disk, bulge, and halo of the Milky Way based 
on the precepts first established by iTinslevI (119731) have been p re sented by severa l grou ps, includ 
ing_ 



Timmes. Wooslev fc Weaverl (|1995l ). iKobavashi et all ((2006J), IPrantzosI (120081 ). and 



Matteucci 



(J2008|) . These models generally assume complete and uniform mixing of the gas ov er the total vol- 
ume conside red at all times with the exception of the more sophisticated model of lMarcolini et al 
(|2006l . l2008l ). Such models have been reasonably successful in reproducing the chemical evolution 
of the major components of the Milky Way overall, although failing in some (minor) details. 

The evolution of the dSph galaxies differs in principle from that of the Milky Way or its halo. 
Their binding energies are lower, so the importance of gas loss may be higher, particularly in the 
case of material from SNII, for which the ejection velocity is significantly larger than the escape 
velocity. Furthermore since both UMi and Draco at present show no evidence for the presence of 
gas, gas loss via a galactic wind or through interactions between the dSph satellite and its host, the 
Milky Way, must have been important in the past. These galaxies also show the consequences of 
lower star formation efficiency which leads to slower star formation overall without the large initial 
burst that dominates nucleosynthesis in most of the Milky Way components. In a system where 
the star formation rate is slower and more constant with time, SNIa ejecta can become important 
contributors before [Fe/H] just from SNII builds up in the dSph interstellar medium to high values 
near ~ — 1 dex. It is this time delay between the SNII and SNIa contributions that dominates 
discussion of the chemical evolution of dSph galaxies. 



Lanfranchi Matteuccil (J200J) suggest another mechanism for affecting the a/Fe ratios, namely 
the presence of a strong outflow, which reduces the amount of gas available for star formation. This 
in turn cuts off the production of a-elements in massive stars, while the SNIa rate, and the con- 
sequent production of Fe, continues unaffected. This too could cause the drop in [a/Fe] ratios 
common among the dSph galaxies. Separating the contribution of a slow star formation versus 
a strong outflow in the chemical history of a dSph is not easy from abundance ratios alone. It 
requires a knowledge of the metallici ty distribution of the st a rs in the dSph, and ideally of the 
age-met allicity distribution as well. lLanfranchi Matteuccil ([2004) claim that both effects are 
necessary to explain the characteristics of UMi and of Draco. 



Matteuccil (|2008l ) reviews models for the chemical evolution of the dSph galactic satellites of 



the Milky Way that reproduce the behavior of the a-elements. Presumably the agreement at the 
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lowest [Fe/H] values probed here, where the Galactic halo stars overlap the Draco giants, is a 
consequence of a ch emical inventory to which only S NII contributed, but the trends in UMi are not 
as well reproduced. lLanfranchi &: Matteuccil (|2004l ) present detailed models for the evolution of 6 
of the dSph Milky Way satellites, including UMi and Draco, which try to reproduce not only the 
chemical evolution but also the total stellar mass and their individual star formation histories as 
derived from CMD studies. Their model for UMi has a very low star formation efficiency and the 
shortest duration of star formation (only 3 Gyr occurring immediately after the galaxy condensed) 
of these 6 dSph galaxies. To within the uncertainties of the measurements and the models, they 
succeed in reproducing the almost flat [Ca/Fe] relation with [Fe/H] of Fig. [5J but their relation 
shows a fairly steep decline in [Mg/Fe] vs [Fe/H] which is not seen in UMi (see Fig. [6]). 

There ar e a number of other problems when one c ompares detailed chemical evolution models 
to our data. lLanfranchi. Matteucci k, Cescuttil (120081 ). who address the production of heavy ele- 
ments beyond the Fe peak in dSph galaxies, substantially underpredict the ratio [Y/Fe] for the most 
metal poor stars in UMi, and overpredict [Ba/Fe] for the same stars in both Draco and UMi. The 
Ba/Eu ratio is predicted satisfactorily for these UMi stars, but probably that is simply a result of 
the dominance of the r-process in their production. The cause of the relatively small difference in 
behavior of [Mg and Si/Fe] vs [Ca, and Ti/Fe] at the lowest metallicities in UMi and in Draco is not 
clear, particularly since Si is an explosive a-element while Mg is a hydrostatic one. How this behav- 
ior relates to the mass distribution of the SNII progenitors, given that one also needs to reproduce 
the odd-even effect at [Sc/Fe], is not obvious. Qualitativel y similar differences in the behavior of the 
a-elements vs [Fe/H] are also seen in the Galactic bulge (jFulbright. McWilliam Richll2007l ). but 
again there are differences in detail as the separation between hydrostatic and explosive a-elements 
is cleaner there, i.e. [Si/Fe] behaves like [Ca/Fe] and [Ti/Fe] in the Galactic bulge, which does not 
appear to be the case for UMi. 



Carigi. Hernandez Sz Gilmord ([2002) presented a chemical evolution model for UMi which 



also requires a meta l-rich wi nd. More sophisticated models for d Sph galaxies are presented by 
Marcolini et all ( 2006 ) and by Salvadori. Ferrara Schneider ( 2008 ). who use a hierarchical merger 
tree with a semi-analytical scheme galaxy formation. These more complex but more realistic models 
are rapidly improving but are not yet fully capable of following chemical evolution in detail. 



6.1. Implications for the Formation of the Galactic Halo 



Whether the Galactic halo could have been for med by accre t ion of satellite dwarf galaxies has 
becom e a question of great current interest; see e.g. iTolstov et all (|2003l ). IShetrone. Cote &: Sargent 
(|200ll ). among others. Due largely to technical advances and the construction of 8 to 10 m tele- 
scopes, the data now available for the Galactic satellite galaxies is a tremendous improvement 
over that of a decade ago both in terms of number of stars analyzed an d in accuracy of the re- 
su lts. Recent efforts ar e summ arized in the review by lGeisler et all ([2008). The very recent review 
of ITolstov. Hill &: Tosil (120091 ) focuses on their large ongoing project at the VLT to study dwarf 
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galaxies (the DART project, iTolstov et all 12003 1 



Our work in UMi and in Draco (see C09) and that published for the Carina and for the Sgr dSph 
galaxies show that abundance ratios among stars in dSph galaxies tend to overlap those of Galactic 
halo giants at the lowest Fe-metallicities probed. This is only to be expected, as the nucleosynthesis 
ejecta from SNII are to first order independent of metallicity. It is thus possible that the satellites 
were accreted early in their development. Their properties as we observe them today would then 
not be relevant to this issue. In each of these stellar populations, a minimum metallicity th reshold 
for formation of low mass stars along the lines of that discussed by iBromm Larson! (|2004l ) seems 
to exist. 



Helmi et all (120061 ) claimed that early accretion of satellites as a way of forming the Galactic 
halo was still ruled out because of the metallicity distribution function (MDF) they deduce for four 
dSph galaxies. Given the MDF they used for the Galactic halo, they claimed that dSph galaxies 
would be expected to contain at least a few stars with [Fe/H] < —3.0 dex, while they had not to 
date detected any such stars in the four dSph galaxies in which they have extensive samples from 
the DART project 



However we found one such star in Draco (C09) and two more in UMi. Frebel. Kirbv &: Simon 



(|2010l ) have found a star at [Fe/H] —3.8 dex in the Sculptor dSph galaxy. lAoki et al.\ (120091 ) have 
found a star at —3.10 dex in Sextans. Several more such stars have been found in the ultrafaint 



Milky Way satellites: iNorris et all (120081) CfFe/ Hl -3.7 dex in Bootes D. ISimon et all (j2010T ) ([Fe/H] 
-3.2 dex in Leo IV), and lFrebel et all (boioh (tw o gia nts, at -3.10 and -3.23 dex in UMa II). A 
number of other stars found bv lKirbv et all (|2008l ) and iKirbv et all (|2010l ) in various dSph galaxies 
are susp ected to be b e low — 3.0 dex, but most are too faint for high-dispersion spectroscopy. In 
addition ISchorck et all (|2009l ) recently completed a determination of the halo MDF based based on 
the Hamburg/ESO Survey which shows that completeness corrections are important in the MDF 
derived from the HES. 

Collectively this very recent work serves to help reestablish the scenario for the formation of 
the Galactic halo via accretion of satellite galaxies as viable. The material now in the inner halo 
of the Galaxy had to have been accreted early in the star formation history of the dSph galaxies, 
giving time for orbital mixing to eliminate traces of discrete stellar streams, while satellite galaxies 
accreted somewhat later could contribute to populating the outer halo, which shares many of the 
abundance anomalies of the dSph galaxies. Dissolved globular clusters had to disperse fairly quickly 
before the ubiquitous light element correlations among O, Na, Mg and Al developed, as these are 
not seen among halo field stars. 



Istarkenburg et al\ l|201oh very recently retracted these claims. 
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7. Summary 

We present a detailed abundance analysis based on high resolution spectra obtained with 
HIRES on the Keck I Telescope of 10 stars in the Ursa Minor dwarf spheroida l galaxy. The sample 
was selected to span the full range in metallicity inferred from IWinnickl ([2003), who used moderate 
resolution spectroscopy for radial velocity members of this dSph galaxy found by earlier surveys. 
Her CaT indices of the strength of the near- infrared Ca triplet correlate well with [Ca/H] we derive 
from our detailed abundance analyses with differences from a linear fit of only a = 0.13 dex. 



We use classical plane-parallel (ID) LTE models fro m the Kurucz grid (jKuruca Il993l ) with 
a recent version of the stellar abundance code MOOG (jSnedenl Il973l ). [Fe/H] for our sample 
stars ranges from —1.35 to —3.1 dex. Combining our sample with previously published work of 
Shetrone. Cote fe Sargent ( 2001) for 6 UMi giantsj, and an analysis based on higher S/N spectra of 
three UMi giants by ISadakane et al.l (|2004l ) , two of which were already studied in the earlier work, 
gives a total of 16 luminous UMi giants with detailed abundance analyses. 

We find that for the UMi sample [Mg/Fe] is constant to within the uncertainties with a value 
~ + 0.35 dex for all the star^§, a trait shared by outer Galactic halo stars. The abundance ratios 
[Si/Fe], [Cr/Fe], [Ni/Fe], [Zn/Fe], and perhaps [Na/Fe] and [Co/Fe] for the UMi giants overlap those 
of Galactic halo giants at the lowest [Fe/H] probed, but for the higher Fe- metallicity UMi stars are 
significantly lower than those of Milky Way halo giants. For the explosive a-elements Ca and Ti 
the abundance ratios are also constant to within the uncertainties but are somewhat low over the 
full metallicity range of the UMi dSph stars compared to Galactic halo giants, being closer, but still 
perhaps slightly low, at the lowest Fe-metallicities. Nucleosynthetic y ields sensitive to the neutron 
exces s, hence to the initial metallicity of the SN progenitor (see, e.g. iTimmes. Woosley fc Weaver 
19951 ). may be important in explaining the origin of differences between UMi giants and Galactic 
field stars for several of the abundance ratios studied here. 

The heavy neutron capture elements in UMi giants have r-process ratios at all m etallicities in 
UMi , consistent with the short duration of its star forming epoch inferred from CMDs (lOrban et al 
2008). The relative contribution of these heavy elements seems to increase as [Fe/H] increases for 
most of the UMi giants. 

There are small, but real, differences between the trends of abundance ratios between UMi 
and those of Draco from our earlier study (see C09) which are discussed in detail in £j5j There is 
one outlier in our UMi sample, which appears to have an excess of Fe, or a depletion of essentially 
all elements with respect t o Fe. Similar behavior is seen among the most extreme of the Fornax 



dSph giants (jLetarte 



20071 ) 



In comparing our results for UMi, our earlier work in Draco (C09), and published studies of 



7 We ignore one carbon star from IShetrone. Cote fe Sargentl ( 200 If ) 
8 The anomalous outlier UMi COS171 is ignored here. See £15.41 
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more metal-rich dSph Galactic satellites, there appears to be a pattern of moving from a chemical 
inventory for dSph giants with [Fe/H] < —2 dex which is very similar to that of stars in the outer 
part of the Galactic halo (enhanced a/Fe relative to the Sun, coupled with subsolar [X/Fe] for 
the heavy neutron capture elements and r-process domination), switching to subsolar a-elements 
and super-solar s-process dominated neutron capture elements for the highest [Fe/H] dSph stars. 
The combination of low star formation rates over a varying and sometimes extended duration that 
produced the stellar populations in the local dSph galaxies with [Fe/H] > —1.5 dex leads to a 
chemical inventory wildly discrepant from those seen in any component of the Milky Way. 

The dominant uncertainty in these results is the possibility of differential non-LTE or 3D effects 
between the very cool luminous giants in our sample from the UMi and Draco dSph galaxies and 
the comparison halo field and globular cluster stars, which are somewhat hotter. With a 30-m 
telescope it will be possible to reach lower luminosity and somewhat hotter giants in the dSph 
satellites of the Milky Way where these issues will be less important. 

In C09 we developed a toy model fit which we use to illuminate these trends, and to compare 
them with those of Galactic globular clusters and of giants from the Carina and Sgr dSph galaxies. 
Since there is good agreement in most cases for the abundance ratios at the lowest metallicity within 
a given sample and also the highest metallicities sampled, the fundamental contributors to their 
chemical inventory (SNII at the lowest metallicity and SNIa plus other sources at the highest [Fe/H]) 
behave in very similar ways in all these environments. We thus infer that the IMF for massive stars 
must be similar as well. The key differences lie in the [Fe/H] corresponding to the knee values, i.e. 
in the timescale (or, more correctly, the [Fe/H]) at which the relative contributions of processed 
ejecta into the ISM of the system from the various nucleosynthesis sites change significantly. The 
UMi and Draco systems, which have among the lowest luminosities for the classical dSph satellites 
of the Milky Way, have the lowest mean [Fe/H] for its giants, Sgr is intermediate, and the Carina 
dSph is closest to the Milky Way halo and the thick disk. Our new data will enable much more 
sophisticated modelling of the chemical evolution of Draco with more detail than our simple toy 
model can provide. 

We note the presence of two luminous giants in our UMi sample with [Fe/H] < —3.0 dex. 
This combined with other recent evidence for a small number of extremely low metallicity stars in 
other dSph galaxies reaffirms that the inner Galactic halo could have largely been formed by early 
accretion and dissolution of Galactic satellite galaxies and by globular clusters which dissolved prior 
to the imprinting of an AGB signature, while the outer halo could have formed largely from those 
dSph galaxies accreted later. 

The age-metallicity relationship established by combining photometry, spectroscopic metallic- 
ities, and isochrones suggests that the stellar population in UMi consists of old metal-poor stars. 
Unlike our previous result in C09 for Draco, there is no evidence for the presence of an intermediate 
age component in UMi. There is a hint of an age-metallicity relationship with the most metal-rich 
UMi stars being ~ 3 Gyr younger than the metal-poor old population. 
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Table 1. The Sample of Stars in the Ursa Minor dSph 



ID a 


Coords. a 


ya 


I a 


Date Obs. 


Exp. Time 


S/N b 




(J2000) 


(mag) 


(mag) 




(sec) 




COS171 


15 08 04.97 


+67 14 00.8 


17.25 


15.94 


06/2008 


7200 


80 


COS233 


15 08 10.01 


+67 17 24.5 


16.93 


15.61 


06/2008 


7200 


95 


JI2 


15 10 27.11 


+67 24 36.2 


16.98 


15.65 


06/2008 


7200 


80 


JI19 


15 10 11.68 


+67 08 28.8 


17.26 


16.07 


06/2008 


7200 


80 


N37 


15 11 05.76 


+67 13 15.3 


17.07 


15.71 


06/2008 


7200 


95 


27940 


15 11 24.30 


+67 33 50.2 


16.81 


15.41 


09/2009 


6000 


85 


28104 


15 13 12.33 


+67 33 20.6 


16.86 


15.50 


02/2010 


8100 


105 


33533 


15 13 26.09 


+67 16 22.7 


16.90 


15.62 


06/2008 


7200 


100 


36886 


15 13 30.30 


+67 06 37.3 


17.01 


15.76 


02/2010 


7400 


80 


41065 


15 11 01.48 


+66 52 54.5 


16.71 


15.35 


09/2009 


4900 


85 



a The star names, co ordinates, and photo metry are from Winnick (200j|), with the original source 
of the latter two being IPalma et al.l J2003| V 

b S/N per spectral resolution element (A/AA = 35,000) in the continuum at the center of the 
echelle order at 5800 A. 



Table 2. Stellar Parameters for the Ursa Minor Giants 



ID 


Teg 

(K) (phot) 


log(s) 
(dex) (phot) 


(K) (spec) 


log (g) 
(dex) (spec) 


v t 

(km s _1 ) 


v r 

(km s _1 ) 


COS171 


4290 


0.80 


4380 


0.8 


1.9 


-256.2 


COS233 


4425 


0.80 


4425 


0.8 


2.2 


-266.3 


JI2 


4415 


0.80 


4415 


0.85 


2.1 


-254.7 


JI19 


4530 


1.0 


4450 


0.8 


3.0 


-246.2 


N37 


4290 


0.80 


4390 


0.8 


1.8 


-240.4 


27940 


4290 


0.70 


4290 


0.7 


2.2 


-248.4 


28104 


4365 


0.65 


4365 


0.65 


2.3 


-244.2 


33533 


4525 


0.80 


4450 


0.85 


3.0 


-248.9 


36886 


4400 


0.75 


4400 


0.75 


2.6 


-231.0 


41065 


4400 


0.60 


4350 


0.6 


2.6 


-259.7 
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Table 3. Equivalent Widths for Ten Stars in the Ursa Minor dSph 



A 


Ion 


X 


log(ff/) 


33533 


JI19 


36886 


41065 


COS233 


28104 


27940 


JI2 


N37 


COS171 


A 




(eV) 


(dex) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


6300.30 


[0 I] 


0.00 


-9.780 






17.9 


10.0 










31.0 




6363.78 


[0 I] 


0.02 


-10.300 








8.0 


8.1 


8.8 


10.0 


8.5 


8.1 


12.6 


7771.94 


o 


9.15 


0.369 




















8.5 


5682.63 


Na I 


2.10 


-0.700 














9.4 


8.0 


13.5 




5688.19 


Na I 


2.10 


-0.420 








9.8 


12.0 


10.0 


15.3 


15.5 


22.5 


12.0 


5889.95 


Na I 


0.00 


0.110 


150.3 


161.3 


224.4 


225.6 


236.1 


269.7 


300.9 


240.5 


255.0 


218.1 


5895.92 


Na I 


0.00 


-0.190 


121.7 


134.4 


189.5 


207.7 


210.7 


220.4 


259.6 


214.8 


225.4 


205.1 


4703.00 


Mg I 


4.34 


-0.440 


43.0 


53.6 


85.8 


113.0 


115.0 


124.1 


128.5 


118.2 


136.3 


107.3 


5172.70 


Mg I 


2.71 


-0.380 


187.0 


185.6 


257.7 


283.5 


304.0 


338.3 


348.6 








5183.62 


Mg I 


2.72 


-0.160 


201.0 


206.3 


301.7 


323.8 


355.0 


389.3 


433.1 








5528.40 


Mg I 


4.34 


-0.480 


38.4 


56.5 


97.7 


117.0 


128.0 


142.5 


154.0 


143.0 


155.0 


140.0 


5711.09 


Mg I 


4.34 


-1.670 






20.5 


18.4 


38.0 


38.3 


49.0 


49.3 


53.5 


45.0 


6318.72 


Mg I 


5.11 


-2.100 
















7.0 


8.0 




7387.69 


Mg I 


5.75 


-1.200 














10.3 








3961.52 


Al I 


0.00 


-0.340 


154.2 


145.0 


133.9 




193.0 


233.4 










6696.02 


Al I 


3.14 


-1.340 


















9.5 




6698.67 


Al I 


3.14 


-1.640 


















9.5 




3905.53 


Si I 


1.91 


-1.040 




208.2 


















4102.94 


Si I 


1.91 


-3.140 


56.0 


95.0 


105.0 


124.0 






128.0 


134.4 




137.0 


5421.18 


Si I 


5.62 


-1.430 
















6.2 






5665.55 


Si I 


4.92 


-2.040 




















12.5 


5690.43 


Si I 


4.93 


-1.870 














7.2 




13.6 




5701.10 


Si I 


4.93 


-2.050 




















13.5 


5772.15 


Si I 


5.08 


-1.750 


















13.7 




5948.54 


Si I 


5.08 


-1.230 






6.9 


14.6 


15.0 


16.2 


27.5 


28.1 


28.0 


31.0 


6145.02 


Si I 


5.61 


— 1.440 












4.2 










6155.13 


Si I 


5.62 


-0.760 






10.0 


7.5 




9.3 


14.0 


15.6 


22.3 


15.0 


6237.32 


Si I 


5.62 


-1.010 














10.0 








7003.57 


Si I 


5.96 


-0.830 














8.2 




11.5 




7005.89 


Si I 


5.98 


-0.730 














10.9 


12.4 


16.8 


13.4 


7034.90 


Si I 


5.87 


-0.880 
















9.9 






7405.77 


Si I 


5.61 


-0.820 










20.8 


21.5 


17.0 


22.0 


30.9 


21.0 


7415.95 


Si I 


5.61 


-0.730 






8.6 




16.6 


12.6 


14.3 


20.2 


32.5 


27.6 


7423.50 


Si I 


5.62 


-0.580 






7.1 


14.1 


17.7 


23.6 


23.3 


26.0 


31.9 


27.6 


7698.97 


K I 


0.00 


-0.168 


12.8 


29.6 


76.3 


79.4 


105.5 


108.8 


133.3 


116.4 


138.3 


130.0 


4226.74 


Ca I 


0.00 


0.244 




213.9 


















4289.37 


Cal 


1.88 


-0.300 






82.7 
















4318.66 


Cal 


1.90 


-0.210 












95.4 








115.4 


4425.44 


Ca I 


1.88 


-0.338 




50.0 


58.0 


73.8 


75.9 


91.9 


103.7 


87.3 


119.0 


103.1 


4435.69 


Ca I 


1.89 


-0.520 


11.9 




















4454.79 


Ca I 


1.90 


0.260 


46.2 


64.8 


96.6 


113.2 




123.3 










4578.56 


Cal 


2.52 


-0.558 






13.5 




28.1 


24.2 


31.7 


37.0 




47.2 


5512.99 


Cal 


2.93 


-0.300 






12.4 




27.6 


19.0 


36.5 


33.1 


42.9 


40.7 


5581.96 


Cal 


2.52 


-0.710 










33.0 








71.5 




5588.75 


Cal 


2.52 


0.210 


20.3 


30.6 


65.3 


75.5 


89.6 


95.3 


119.0 


109.2 


120.3 


121.4 
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Table 3 — Continued 



A 


Ion 


X 


log(fl/) 


33533 


JI19 


36886 


41065 


COS233 


28104 


27940 


JI2 


N37 


COS171 


A 




(eV) 


(dcx) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


5590.11 


Ca 1 


2.52 


—0.710 




11.0 


16.3 


22.2 


38.5 


38.1 


53.3 


54.0 


65.8 


60.5 


5594. 4b 


ci_ t 


2.52 


—0.050 


1 q c: 
18.0 


25.0 


52.0 


62.8 


■7Q A 

1 o.4 


O A *7 

84.7 


116.0 


104.0 






5601.28 


Ca I 


2.52 


—0.690 






24.0 


22.0 


33.7 


39.5 


61.3 


57.9 


76.5 


72.2 


5857.45 


Ca I 


2.93 


0.230 


11.5 


16.6 


33.2 


42.6 


59.7 


61.2 


84.1 


82.3 


88.8 


83.3 


blbl.oU 


Ca 1 


2.52 


— 1.030 








12.9 


12.5 


17.4 


26.8 


22.6 


38.9 


29.5 


6162.17 


r^,-, t 
ba 1 


1.90 


—0.090 


48.3 


66.3 


106.5 


121.0 


134.4 


146.0 




155.2 


170.2 


163.4 


bibb. 44 


Ca 1 


2.52 


—0.900 








11.4 


13.5 


16.5 


23.9 


27.0 


41.1 


41.2 


oioy.u4 


Ca 1 


2.52 


— 0.540 




6.2 


14.9 


24.1 


29.8 


35.7 


47.9 


50.0 


64.3 


60.3 


d1o9.5d 


Ca I 


2.52 


—0.270 




11.3 


27.0 


34.5 


46.0 


52.9 


67.3 


64.7 


81.6 


78.0 


b4/ l.bb 


Ca 1 


2.52 


—0.590 






24.0 


35.0 


41.4 


46.9 


64.2 


59.7 


76.7 


/4.1 


d A no 70 

b4yo. to 


Ca 1 


2.52 


0.140 


10.0 


20.5 


45.1 


55.1 


/ 1 .0 


81.0 


101.0 


88.8 


113.0 


105.2 


b499.bo 


Ca 1 


2.54 


—0.590 






16.5 




31.1 


35.0 


50.2 


43.1 


62.8 


63.0 


bi 1 / .bo 


Ca 1 


2.71 


—0.610 






1 V A 

1 ( .4 


19.8 


37.5 


43.2 


59.8 


53.3 


73.2 


80.5 


7148.15 


Ca 1 


2.71 


0.218 


18.5 


26.5 


63.9 


71 A 
( 1.4 


89.1 


96.4 


113.6 


108.2 


121.2 


117.2 


4z4b.oz 


Sc II 


0.32 


0.242 


107.8 


128.2 


170.5 
















A 1 1 a no 

4314. Uo 


Sc II 


0.62 


—0.100 




105.0 


142.6 
















4b7U.41 


Sc II 


1.36 


—0.580 




20.1 


51.7 


79.6 


94.0 


71.4 


95.9 








oozb. /y 


Q^. TT 

be 11 


1.77 


0.130 


17.3 


26.3 


57.8 


65.9 


82.5 


82.6 


79.0 


94.0 


85.1 


69.2 


obo ( .yu 


Q _ TT 

be 11 


1.51 


—0.500 


10.2 


17.6 


49.0 


53.0 


*7 A Ci 

/4.b 


(6. 1 


86.5 


'7'7 n 
/ ( .0 


82.3 


70.0 


5667.15 


O „ TT 

be 11 


1.50 


— 1.240 






16.0 


22.3 


27.0 


29.0 


34.1 


26.3 


30.8 


17.5 


recn O/l 

obby.U4 


Q„ TT 

be 11 


1.50 


— 1.120 






16.2 


20.9 


35.5 


33.2 


40.5 


36.2 


AAV. 

44.0 


24.3 


5bo4.2U 


TT 

be 11 


1.51 


— 1.080 






26.3 


33.2 


38.3 


38.3 


40.3 


34.4 


43.0 


28.9 


bz4o.b4 


C TT 

be 11 


1.51 


— 1.130 






26.0 


24.7 


43.5 


35.0 


42.2 


38.8 


51.6 


29.2 


bbU4.bU 


Q^. TT 

be 11 


1.36 


— 1.479 




0.4 


23.9 


22.8 


33.8 


29.9 


38.7 


40.6 


43.5 


29.3 


OOO /I CO 

3y24.5o 


Ti I 


0.02 


—0.940 










70.8 












onno a a 

oyyo.b4 


rp- T 
111 


0.05 


—0.050 


48.5 




















4512.74 


111 


0.84 


—0.480 






18.2 


39.9 


41.0 


50.2 


68.0 


68.6 


81.2 


62.5 


4518.03 


Ti I 


0.83 


—0.230 






38.0 


46.1 


63.3 


59.5 


91.7 


79.6 


90.1 




4533.25 


Ti I 


0.85 


0.480 


22.2 


56.8 


74.2 


93.5 


95.1 


95.7 


125.0 


115.7 


130.5 


133.0 


4534.78 


Ti I 


0.84 


0.280 


24.8 


44.0 


57.6 


62.1 


85.5 


94.2 


118.0 


113.5 


120.0 


104.8 


4548.77 


Ti I 


0.83 


-0.350 






22.0 


50.4 


47.3 


55.3 


75.9 




83.9 


69.2 


4555.49 


Ti I 


0.85 


-0.490 






26.4 


30.9 


46.7 


59.0 


70.6 


73.2 


81.1 


62.7 


4681.92 


Ti I 


0.05 


-1.070 


12.5 


27.7 


64.1 


72.1 


90.9 


98.9 


129.4 


119.9 


132.0 


116.7 


4981.74 


Ti I 


0.85 


0.500 


37.1 


54.2 


87.4 


110.9 


104.0 


117.5 


151.8 


136.7 


149.4 


134.0 


4999.51 


Ti I 


0.83 


0.250 


24.2 


43.1 


73.3 


81.3 


106.5 


106.9 


137.5 


131.8 


152.5 


118.2 


5022.87 


Ti I 


0.83 


-0.430 






31.0 


46.1 


56.4 


63.0 


88.7 


80.7 


95.6 


78.5 


5039.96 


Ti I 


0.02 


-1.130 


18.0 


34.1 


53.3 


87.5 


92.5 


96.0 


123.1 


113.3 


126.0 


108.5 


5173.75 


Ti I 


0.00 


-1.120 


15.1 


32.2 


65.2 


89.3 


97.2 


102.7 


138.5 


125.1 


153.9 


119.9 


5210.39 


Ti I 


0.05 


-0.880 


20.7 


43.8 


81.8 


101.3 


115.0 


119.0 


151.2 


129.0 


150.0 


129.2 


5426.26 


Ti I 


0.02 


-3.010 












13.0 


16.3 




28.6 




5471.20 


Ti I 


1.44 


-1.390 


















7.8 




5474.21 


Ti I 


1.46 


-1.230 


















17.0 




5490.15 


Ti I 


1.46 


-0.933 










6.9 


10.6 




10.3 


20.7 




5662.16 


Ti I 


2.32 


-0.109 














11.6 




17.9 




5866.45 


Ti I 


1.07 


-0.840 






13.3 


15.3 


27.8 


29.8 


53.6 


47.5 


74.0 


48.3 
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Table 3 — Continued 



A 


Ion 


X 


log(s/) 33533 JI19 36886 41065 COS233 28104 27940 JI2 


N37 COS171 


A 




(eV) 


(dcx) (mA) (mA) (mA) (mA) (mA) (mA) (mA) (mA) 


(mA) (mA) 



5922.11 


Ti I 


1.05 


-1.470 








5937.81 


Ti I 


1.07 


-1.890 








5941.75 


Ti I 


1.05 


-1.520 








5953.16 


Ti I 


1.89 


-0.329 








5965.83 


Ti I 


1.88 


-0.409 








5978.54 


Ti I 


1.87 


-0.496 








6064.63 


Ti I 


1.05 


-1.940 








6126.22 


Ti I 


1.07 


-1.420 








6258.10 


Ti I 


1.44 


-0.355 






7.2 


6258.71 


Ti I 


1.46 


-0.240 






11.5 


6261.10 


Ti I 


1.43 


-0.479 






8.3 


6743.12 


Ti I 


0.90 


-1.630 








7344.69 


Ti I 


1.46 


-0.992 








3900.54 


Ti II 


1.13 


-0.450 




118.2 




4012.39 


Ti II 


0.57 


-1.610 




99.8 




4028.35 


Ti II 


1.89 


-0.870 




52.2 




4312.86 


Ti II 


1.18 


-1.160 




108.7 




4395.03 


Ti II 


1.08 


-0.510 




131.5 


178.3 


4399.77 


Ti II 


1.24 


-1.290 


72.6 


85.6 


116.8 


4417.72 


Ti II 


1.16 


-1.160 


75.9 


90.0 


129.7 


4443.81 


Ti II 


1.08 


-0.700 


106.0 


127.7 


152.6 


4468.51 


Ti II 


1.13 


-0.600 


108.0 


132.6 


159.1 


4501.28 


Ti II 


1.12 


-0.760 


115.0 


112.8 


146.5 


4533.97 


Ti II 


1.24 


-0.640 


109.6 


134.4 


160.4 


4563.77 


Ti II 


1.22 


-0.820 


102.7 


122.6 


134.9 


4571.98 


Ti II 


1.57 


-0.340 


85.0 


118.8 


152.0 


4583.41 


Ti II 


1.16 


-2.870 






37.0 


4589.95 


Ti II 


1.24 


-1.650 


47.3 


70.6 


94.2 


4657.20 


Ti II 


1.24 


-2.320 


21.0 


22.4 


57.9 


4708.67 


Ti II 


1.24 


-2.370 


20.0 


39.9 


52.2 


4762.78 


Ti II 


1.08 


-2.710 






39.6 


4798.54 


Ti II 


1.08 


-2.670 




35.7 


48.8 


4865.62 


Ti II 


1.12 


-2.810 




28.3 


38.0 


4911.20 


Ti II 


3.12 


-0.340 






19.4 


5185.91 


Ti II 


1.89 


-1.460 


16.6 


31.9 


59.5 


4111.77 


V I 


0.30 


0.408 






49.8 


5670.85 


V I 


1.08 


-0.425 








5703.57 


V I 


1.05 


-0.212 








6081.44 


V I 


1.05 


-0.579 








6090.22 


V I 


1.08 


-0.062 








6199.20 


V I 


0.29 


-1.280 








6243.10 


V I 


0.30 


-0.978 






10.1 


6251.82 


V I 


0.29 


-1.340 








6274.64 


V I 


0.27 


-1.670 








6285.14 


V I 


0.28 


-1.510 











5.9 


6.6 


19.3 


9.7 


26.3 


14.8 








5.2 




11.0 








7.7 


15.2 




26.6 


14.4 






9.9 


15.6 


13.1 


27.4 


18.2 




9.7 


9.6 


21.0 


13.5 


26.0 












11.0 


22.2 


25.0 






4.2 


13.8 




13.6 








6.7 


21.8 


20.7 


33.3 


16.9 


19.0 


24.3 


26.1 


49.0 


46.6 


65.7 


42.1 


17.2 


30.3 


34.5 


53.0 


54.8 


82.8 


51.6 


17.1 


21.2 


25.6 


40.4 


36.2 


56.9 


32.2 




6.2 


9.2 


15. 1 


19.8 


31.0 


Ll.i 








14.7 








126.8 


129.9 










113.1 


141.6 


139.9 


138.6 






160.5 


118.4 


170.0 


158.1 


175.5 




164.8 




143.4 






176.7 








168.9 


165.3 


159.9 


172.2 




182.1 




166.0 














158.1 


139.8 


153.9 


156.3 




173.0 


165.8 


159.0 


163.0 


150.0 


169.3 




166.6 




152.4 


36.8 


38.4 


44.9 


46.4 


53.5 


60.3 


47.8 


107.7 


102.9 


110.9 


114.0 


111.5 


112.1 


101.2 


69.2 


73.6 


78.1 


100.5 


91.4 






47.5 


77.7 


69.5 


76.8 


90.0 


82.0 


67.8 


68.3 




66.8 










55.6 


64.7 


57.9 


65.4 


59.0 


71.8 


52.0 


20.0 


20.5 


24.8 


34.5 


36.0 


44.0 


31.9 


69.6 


70.5 


72.2 


86.4 


79.3 


91.0 


74.7 




69.5 


76.8 


98.0 


101.3 




80.5 






11.4 


18.6 




19.2 






10.4 


8.2 


31.2 


16.6 


24.0 


12.6 




9.1 




11.9 




18.2 


12.0 


6.5 


16.4 


14.4 


13.0 


21.3 


32.6 


16.3 












29.1 




12.3 




18.3 


40.0 


30.3 


57.7 


26.1 


6.8 










25.0 


11.6 












14.9 


8.0 



11.4 
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A 


Ion 


X 


l°g(9/) 


33533 


JI19 


36886 


41065 


COS233 


28104 


27940 


JI2 


N37 


COS171 


A 




(eV) 


(dex) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


4254.33 


Or 1 


0.00 


—0.110 


105.9 


113.1 












217.7 






Ann" a to 
42 (4. (\) 


Or 1 


0.00 


—0.230 


93.0 


93.4 


















4289.72 


Cr I 


0.00 


—0.361 


97.1 


106.5 


















4545.96 


Cr I 


0.94 


— 1.380 






31.0 


38.5 


60.2 


50.2 


90.6 


79.3 


114.8 


106.0 


4o00.7o 


Cr I 


1.00 


— 1.280 






29.7 


49.5 


59.4 


69.7 


92.7 




104.9 


96.1 


4616.13 


Or 1 


0.98 


— 1.210 






31.9 


56.0 


68.3 


71.3 


103.1 


101.9 


106.1 


113.0 


A d O/" 1 1 O 

4ozo.lo 


Or 1 


0.97 


— 1.340 






38.5 


45.7 


56.9 


66.7 


90.1 


80.6 


110.0 


113.0 


4652.17 


Or 1 


1.00 


— 1.030 


15.0 


19.0 


48.6 


69.7 


10. 1 


80.3 


108.4 


103.0 


116.7 


111.0 


A IOCS O /I 

4789.34 


Cr I 


2.54 


—0.370 








6.8 














520o.04 


Cr I 


0.94 


0.030 


74.0 


84.0 


122.0 


135.5 


154.2 


167.3 




188.9 








Or 1 


0.98 


— 1.170 






51.3 






90.1 










rr /i no on 

54U9.8U 


f 1 „ T 

Or 1 


1.03 


—0.710 


30.0 


27.0 


75.9 


86.0 


110.0 


118.2 


153.4 


135.4 


152.6 


142.8 


[•700 nn 

5 (00. uy 


t 

Or 1 


3.32 


—0.500 




















16.3 


[•700 on 


Or 1 


3.32 


—0.295 


















20. 1 


iy. ( 


5787.9b 


Cr I 


3.32 


—0.083 


















13.4 




/;■ ri "n on 

6979. 8U 


Cr I 


3.46 


—0.411 


















12.0 


8.5 


4030.75 


Mn I 


0.00 


—0.470 


112.3 


95.0 


















4Uoo.Ub 


Mn 1 


0.00 


—0.620 


91.9 


85.0 






202.2 










260.2 


/i a c 1 cna 


Mn 1 


2.89 


0.280 








45.5 


A O A 
4:2.4: 




75.0 






59.6 


4754.04 


Mn I 


2.28 


—0.090 






39.1 


36.5 


63.2 


63.7 


94.1 


87.9 


114.0 


86.0 


/1709 /in 

4 (00. 42 


Mn 1 


2.30 


0.042 






35.1 


64.1 


59.3 


(4.0 


108.0 


100.7 


128.4 


102.4 


4823.51 


Mn 1 


2.32 


0.140 






34.8 


59.0 


65.6 


76.8 


104. 1 


108.2 


119.6 


98.6 


5537.74 


Mn I 


2.19 


—2.020 


















18.7 


10.9 


/'no 1 on 

6U21.8U 


Mn I 


3.08 


0.034 








7.7 


25.0 


21.0 


32.8 


36.1 


53.0 


48.7 


a nn cr n ,1 

4005.24 


Fe I 


1.56 


—0.610 


127.1 


125.9 


















/in^Q c:n 


be 1 


1.56 


0.060 




164.0 


















/IA71 '7/1 

407 1.74 


re 1 


1.61 


—0.020 


162.4 


166.9 


















4132.06 


Fe I 


1.61 


—0.820 


115.9 


124.8 


















A 1 A O 0""7 

4143.87 


Fe I 


1.56 


—0.620 


129.4 


119.2 


















4147.67 


Fe I 


1.49 


—2.100 


77.7 


63.3 




133.0 






139.1 








4181.75 


Fe I 


2.83 


-0.370 


54.4 


50.5 


















4187.05 


Fe I 


2.45 


-0.550 














162.2 


143.4 






4187.81 


Fe I 


2.43 


-0.550 




53.3 




129.4 














4199.10 


Fe I 


3.05 


0.160 




76.9 




124.8 


119.8 












4202.04 


Fe I 


1.49 


-0.710 


130.4 


148.4 












233.6 






4216.19 


Fe I 


0.00 


-3.360 


120.0 




















4222.22 


Fe I 


2.45 


-0.970 


46.8 


62.9 






118.6 












4233.61 


Fe I 


2.48 


-0.600 


63.9 


65.8 






122.5 












4235.95 


Fe I 


2.43 


-0.340 




79.5 


















4250.13 


Fe I 


2.47 


-0.404 


79.4 


88.8 




131.4 


151.2 




152.9 








4250.80 


Fe I 


1.56 


-0.720 


137.0 


132.8 












207.2 






4260.49 


Fe I 


2.40 


0.140 


108.0 


105.8 


















4271.16 


Fe I 


2.45 


-0.350 




88.6 




145.0 














4271.77 


Fe I 


1.49 


-0.160 




158.8 


















4282.41 


Fe I 


2.18 


-0.780 


64.5 


88.9 




139.5 


134.8 













Table 3 — Continued 



A Ion x log(fl/) 33533 JI19 36886 41065 COS233 28104 27940 JI2 N37 COS171 

A (cV) (dcx) (mA) (mA) (mA) (mA) (mA) (mA) (mA) (mA) (mA) (mA) 



4307.91 


Fe I 


1.56 


-0.070 




172.8 




4325.77 


Fe I 


1.61 


0.010 




150.0 




4337.05 


Fe I 


1.56 


-1.690 


108.0 


101.0 




4375.94 


Fe I 


0.00 


-3.030 


149.8 






4404.76 


Fe I 


1.56 


-0.140 


159.5 


159.1 


212.1 


4415.13 


Fe I 


1.61 


-0.610 


137.4 


124.4 


169.8 


4427.32 


Fe I 


0.05 


-3.040 




115.0 




4430.62 


Fe I 


2.22 


-1.660 


30.4 


38.9 


84.8 


4442.35 


Fe I 


2.20 


-1.250 


65.2 


74.8 


116.1 


4447.73 


Fe I 


2.22 


-1.340 


55.3 


59.1 


101.7 


4461.66 


Fe I 


0.09 


-3.210 


134.0 


122.0 


158.7 


4489.75 


Fe I 


0.12 


-3.970 


96.0 


83.0 


128.9 


4494.57 


Fe I 


2.20 


-1.140 


68.0 


68.4 


118.9 


4531.16 


Fe I 


1.49 


-2.150 


74.2 


82.6 


116.8 


4592.66 


Fe I 


1.56 


-2.450 




48.6 


93.9 


4602.95 


Fe I 


1.49 


-2.220 


70.6 


74.5 


110.4 


4625.05 


Fe I 


3.24 


-1.348 






33.7 


4788.77 


Fe I 


3.24 


-1.806 








4871.33 


Fe I 


2.86 


-0.360 


62.0 


61.2 


102.8 


4872.14 


Fe I 


2.88 


-0.570 


46.2 


44.5 


88.6 


4891.50 


Fe I 


2.85 


-0.110 


67.0 


82.6 


110.5 


4919.00 


Fe I 


2.86 


-0.340 


56.8 


65.7 




4920.51 


Fe I 


2.83 


0.150 


81.0 


82.0 


142.8 


4957.61 


Fe I 


2.81 


0.230 


99.9 


108.2 


145.6 


5083.34 


Fe I 


0.96 


-2.960 


80.0 


83.3 


124.1 


5166.28 


Fe I 


0.00 


-4.200 


101.4 


86.0 


139.9 


5171.61 


Fe I 


1.48 


-1.790 


105.5 


100.6 


140.4 


5192.35 


Fe I 


3.00 


-0.420 


40.0 






5194.95 


Fe I 


1.56 


-2.090 


81.2 


81.0 


116.8 


5198.72 


Fe I 


2.22 


-2.140 


20.0 


30.0 


60.1 


5216.28 


Fe I 


1.61 


-2.150 


74.3 


73.2 


112.3 


5217.40 


Fe I 


3.21 


-1.070 


17.4 


10.5 


43.5 


5227.19 


Fe I 


1.56 


-1.350 


127.3 


124.3 


166.1 


5232.95 


Fe I 


2.94 


-0.100 


72.0 


72.9 


115.6 


5269.55 


Fe I 


0.86 


-1.320 




169.5 




5393.18 


Fe I 


3.24 


-0.720 


25.7 


20.0 


61.2 


5405.36 


Fe I 


4.39 


-1.390 








5405.79 


Fe I 


0.99 


-1.840 


145.0 


139.9 




5406.78 


Fe I 


4.37 


-1.620 








5409.14 


Fe I 


4.37 


-1.200 








5410.92 


Fe I 


4.47 


0.400 


9.1 


8.2 


28.2 


5415.21 


Fe I 


4.39 


0.640 


21.6 


17.8 


45.9 


5417.04 


Fe I 


4.41 


-1.580 








5424.08 


Fe I 


4.32 


0.510 


15.9 


26.6 


58.3 


5434.53 


Fe I 


1.01 


-2.130 


133.1 


131.8 


172.7 



146.9 159.8 



81.0 


103.9 












114.1 


133.5 


141.2 










101.1 


134.0 


132.4 


144.9 


131.4 




167.6 




177.4 






205.3 








142.9 


160.2 




160.7 




171.4 


133.2 


136.5 


157.9 


171.2 


158.0 






126.4 




154.4 


167.5 


146.4 






137.0 


133.5 


148.6 


156.4 


142.5 


163.4 


153.4 


30.4 


51.5 


63.9 


79.6 






94.3 


16.5 


17.8 


35.4 


45.4 


49.9 


57.5 


75.1 


117.9 


125.7 


134.9 


160.4 


148.7 


158.4 




110.8 


122.3 


121.0 


159.3 


138.1 


143.6 


160.0 


130.0 


144.9 


147.2 




166.3 


174.2 




117.0 


127.6 


133.5 


159.5 


145.9 


156.7 


168.3 




175.6 


172.2 


















200.4 






144.8 


146.6 


157.0 




169.1 


173.1 




159.0 


159.9 


175.9 




180.1 






159.6 


158.3 


170.0 




177.9 






110.3 


118.9 




154.6 


151.9 


147.4 




145.2 


142.0 


147.0 




162.3 






85.6 


91.8 


96.7 


116.7 


114.7 


125.9 


134.5 


131.5 


139.9 


147.2 


163.9 


154.4 


167.9 


150.0 


45.5 


71.3 


73.4 


96.7 


97.8 


101.4 


109.6 




194.6 






207.9 






132.2 


139.7 


149.7 


174.6 


162.9 






73.5 


90.0 


98.6 


118.5 


117.2 


133.2 


138.9 












20.4 












230.9 
















11.3 


15.5 








11.4 






33.0 


40.3 


56.0 


57.6 


69.8 


74.0 


84.8 


95.6 


65.2 


73.0 


77.3 


98.6 


92.2 


106.9 


124.3 












8.0 


19.1 


70.1 


78.0 


94.4 


108.6 


103.2 


113.1 


128.3 



207.4 
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A 


Ion 


X 


log(fl/) 


33533 


JI19 


36886 


41065 


COS233 


28104 


27940 


JI2 


N37 


COS171 


A 




(eV) 


(dex) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


5441.33 


Fe I 


4.10 


— 1.630 




















12.0 


K A A C fit; 

5445. Uo 


be 1 


4.39 


—0.030 






21 .1 


30.5 


37.6 


A *7 n 
47.9 


70 -7 
/ O. / 


(5.5 


*7n k 
79.5 


101.1 


cr a or- on 

5466.39 


Fe I 


4.37 


—0.620 






9.8 


7.3 


14.6 


25.8 


27.5 


37.6 


51.5 


57.8 


5470.09 


Fe I 


4.44 


— 1.710 




















10.0 


5473.90 


Fe I 


4.15 


—0.690 








7.6 


20.2 


27.2 


38.9 


39.0 


52.9 


68.1 


54o r.14 


be 1 


4.41 


— 1.430 




















i/ti 

14.1 


5487.77 


Fe I 


4.14 


—0.620 






10.9 


14.9 


23.5 


32.1 


36.5 


48.4 


59.7 


80.5 


tr /I no en 

54y3.5U 


re 1 


4. 10 


— 1.680 


















23.9 


27.6 


5494.4o 


Fe I 


4.07 


— 1.990 


















14.2 


17.3 


549 l .52 


re 1 


1.01 


—2.830 


88.6 


87.5 


138.5 


150.8 


162.2 






180.4 






r rn 1 A R 

55U1.4D 


be 1 


0.96 


—3.050 


84.0 


79.4 


132.2 


130.0 


154.0 


172.5 




1 a 
1 / 2.4 




172.1 


5506.79 


Fe I 


0.99 


—2.790 


101.0 


96.8 


138.4 


163.6 


165.4 


170.7 




179.7 






5522.45 


be 1 


4.21 


— 1.450 
















*7 n 
I M 


20.5 


38.5 


5525.55 


Fe I 


4.23 


— 1.080 
















19.8 


25.9 


41.9 


5536.58 


Fe I 


2.83 


—3.710 




















9.7 


rron nn 

5539.29 


Fe I 


3.64 


—2.590 




















11.8 


5554.88 


Fe I 


4.55 


—0.350 








15.1 


16.5 


20.6 


33.1 


26.5 


49.5 


71.1 


55uU.21 


be 1 


4.43 


— 1.100 












9.6 


177 

Li.l 


11.5 


26.3 


35.5 


r r a t on 
ODD I .39 


be 1 


2.61 


—2.670 








20.4 


30.5 


36.6 


a T a 
4/. 6 


51.0 


69.8 


85.8 


5508.87 


Fe I 


3.63 


—2.850 




















7.9 


55o9.o2 


be 1 


3.42 


—0.486 


1 A O 

14. z 


22.4 


61.8 


74.5 


91.3 


93.5 


1 in 1 

119.4 


115.5 


124. U 


134.9 


55 / z.84 


be i 


3.40 


—0.275 


31.0 


29.0 


72.5 


91.7 


103.7 


115.6 


130.6 


127.6 


133.9 


152.4 


tr tr w nn 

5576.09 


Fe I 


3.43 


—0.920 


12.1 




40.0 


52.4 


68.1 


76.0 


91.9 


94.4 


104.3 


115.6 


5586.76 


Fe I 


3.37 


—0.140 


37.4 


44.6 


84.0 


100.0 


115.5 


121.0 


136.9 


128.2 


144.6 


165.3 


5618.03 


Fe I 


4.21 


— 1.630 
















10.3 


22.1 


41.0 


5619.59 


T7, t 

be 1 


4.39 


— 1.530 














9.5 






177 


5620.49 


be 1 


4.15 


— 1.810 
















( .6 






5624. U4 


Fe I 


4.39 


— 1.220 


















15.0 


30.3 


5624.54 


Fe I 


3.42 


—0.755 


21.7 




52.3 


60.8 


75.0 


84.5 


104.4 


102.1 


115.4 


130.4 


5641.44 


Fe I 


4.26 


— 1.080 










9.7 


10.8 


15.0 


24.4 


37.4 


46.0 


5652.32 


Fe I 


4.26 


-1.850 




















7.2 


5653.89 


Fe I 


4.39 


-1.540 
















10.1 


12.5 


13.4 


5662.52 


Fe I 


4.18 


-0.570 






13.2 


13.9 


34.8 


40.0 


49.0 


51.9 


74.4 


85.6 


5667.52 


Fe I 


4.48 


-1.500 














15.8 






29.0 


5679.02 


Fe I 


4.65 


-0.820 












11.5 


9.3 


11.7 


21.0 


36.1 


5698.02 


Fe I 


3.64 


-2.580 


















11.3 




5701.54 


Fe I 


2.56 


-2.140 




5.2 


36.4 


41.0 


68.2 


68.1 


86.9 


89.5 


99.2 


115.2 


5705.47 


Fe I 


4.30 


-1.360 




















21.4 


5705.98 


Fe I 


4.61 


-0.490 








10.2 






33.4 






54.6 


5731.76 


Fe I 


4.26 


-1.200 










9.5 


6.4 


18.7 


15.8 


30.3 


40.3 


5741.85 


Fe I 


4.26 


-1.850 




















19.0 


5742.96 


Fe I 


4.18 


-2.410 




















5.3 


5752.04 


Fe I 


4.55 


-0.940 












8.6 


8.2 




21.8 


37.4 


5753.12 


Fe I 


4.26 


-0.690 








11.1 


18.2 


26.1 


33.3 


34.2 


50.1 


69.5 


5760.35 


Fe I 


3.64 


-2.390 


















14.7 


17.3 
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A 


Ion 


X 


log(fl/) 


33533 


JI19 


36886 


41065 


COS233 


28104 


27940 


JI2 


N37 


COS171 


A 




(eV) 


(dex) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


ET "7/ ■ O A 1 

57o2.42 


Fe I 


3.64 


—2.180 












8.3 






13.7 


37.6 




T7, T 

te 1 


A O 1 

4.21 


—0.410 






16.0 


1 T n 
1 1 .0 




40.1 


55.8 


b0.4 


T7 A 

1 1 .4 


86.1 


5775.06 


Fc I 


4.22 


— 1.300 












11.8 


14.2 


25.0 


27.5 


56.2 


5778.4b 


Fe I 


2.59 


—3.430 


















20.7 


32.4 


ET 7(iO n 1 


Fe I 


4.22 


— 1.600 














16.4 


11.5 


16.0 


24.2 


ooUo. ( 2 


be 1 


4.61 


—0.950 














16.0 


I .1 


16.0 


26. 1 


5827.88 


Fe I 


3.28 


—3.310 




















9.5 


r o Q O Q7 

0808.0 7 


re 1 


3.94 


— 2.240 




















12.5 


5852.22 


Fe I 


4.55 


— 1.230 


















13.0 


18.0 


rote; nn 
0500. uy 


re 1 


4.61 


— 1.480 




















10.1 


cocc no 


be 1 


4.29 


— 1.330 


















14.0 


18.8 


er o cr n c c\ 

5859. oU 


Fe I 


4.55 


—0.550 








6.1 


9.6 


16.7 


26.1 


23.0 


39.8 


51.0 


58o2.oo 


be 1 


4.55 


—0.330 








13.0 


20.6 


23.6 


35.3 


33.2 


50.9 


66.7 


CD7Q f)1 


T~, t 

be 1 


4.26 


—2.040 




















8.8 


5883.81 


Fe I 


3.96 


— 1.260 










10.5 


24.0 


29.5 


29.2 


41.9 


61.0 


rfi07 7n 

5927.79 


Fe I 


4.65 


—0.990 


















11.9 


22.3 


5929.07 


Fe I 


4.55 


— 1.310 














16.0 




21.0 


24.1 


croon 1 V 

oyoU.l 7 


T7, t 

be 1 


4.65 


—0.140 








9.0 


28.0 


20. 1 


32.3 


36.1 


52.8 


65.9 


5934.65 


J^e 1 


3.93 


— 1.070 






1 .1 


10.3 


22.5 


24.6 


42.5 


38.9 


58.0 


68.3 


trnero 70 

5952.72 


Fe I 


3.98 


— 1.340 












11.5 


24.6 


20.5 


35.5 


43.5 


595o.o9 


be 1 


0.86 


— 4.5U0 






35.1 


48.8 


70.3 


/6.1 


95.6 


93.7 


1 1 O 1 

118.1 


121.8 


5y to. (\) 


T7, x 

be i 


3.94 


— 1.330 








15.5 




19.8 


34.4 


31.0 


43.7 


66.8 


cr no o t • n 

5983.69 


Fe I 


4.55 


—0.660 










9.5 




22.9 


22.4 


43.5 


54.3 


cr no A o o 

5984.83 


Fe I 


4.73 


—0.260 






12.2 




14.3 


10.1 


35.8 


27.0 


46.5 


56.7 


oU24.(J5 


Fe I 


4.55 


0.030 






20.6 


27.2 


39.7 


44.4 


60.8 


56.7 


71.8 


89.1 


i?Af)7 nr; 
oU2 7 .Uo 


T7, x 

be 1 


4.0/ 


— 1.090 










14.4 


15.9 


31.3 


26.4 


42.6 


59.6 


i?nrr.cr. nn 

oU5o.y9 


T~, x 

be 1 


4.73 


—0.370 










13.1 


13.9 


19.5 


20.2 


31.6 


49.9 


^n/ 1 er /i o 

6065.48 


Fe I 


2.61 


— 1.410 


25.0 


27.2 


73.5 


91.8 


105.1 


113.8 


137.9 


131.0 


142.6 


152.6 


OU78.5U 


T7, x 

be i 


4.79 


—0.330 








10.3 


ii 7 

11.7 


11.1 


16.8 


21.0 


36.4 


51.3 


6079.00 


Fe I 


4.65 


— 1.020 














11.9 


8.9 


12.0 


22.4 


6089.57 


Fe I 


5.02 


-0.900 
















11.0 


18.0 


28.0 


6093.67 


Fc I 


4.61 


-1.400 




















11.1 


6096.66 


Fe I 


3.98 


-1.830 


















19.8 


27.9 


6136.62 


Fc I 


2.45 


-1.410 


48.4 


53.4 


95.9 


118.8 


128.5 


134.1 


156.3 


155.9 


159.0 


173.3 


6136.99 


Fe I 


2.20 


-2.930 






22.6 


32.6 


61.8 


59.7 


91.2 


78.5 


98.2 


108.3 


6137.69 


Fe I 


2.59 


-1.350 


41.3 


38.8 


88.3 


106.9 


117.6 


124.4 


154.3 


141.1 


161.6 


164.4 


6151.62 


Fe I 


2.18 


-3.370 






12.8 


17.1 


33.3 


35.2 


53.7 


53.9 


76.0 


89.0 


6157.73 


Fe I 


4.07 


-1.160 










10.9 


10.9 


25.7 


32.4 


44.9 


53.5 


6165.36 


Fc I 


4.14 


-1.470 












6.2 






20.3 


27.7 


6173.34 


Fe I 


2.22 


-2.880 






25.5 


37.5 


52.8 


65.0 


81.0 


79.4 


92.7 


104.7 


6180.20 


Fc I 


2.73 


-2.650 








15.5 


21.5 


28.0 


41.5 


40.2 


62.0 


73.2 


6187.99 


Fe I 


3.94 


-1.620 












11.4 


15.6 


22.4 


23.7 


40.0 


6191.56 


Fe I 


2.43 


-1.420 


42.0 


44.0 


95.7 


114.7 


123.5 


132.0 


159.1 


148.3 


162.4 


168.8 


6200.31 


Fe I 


2.61 


-2.370 






30.4 


38.7 


50.3 


59.2 


67.9 


75.7 


95.0 


103.9 


6240.65 


Fe I 


2.22 


-3.170 






10.7 


16.9 


28.3 


36.5 


59.6 


44.5 


68.3 


79.7 
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A 


Ion 


X 


log(fl/) 


33533 


JI19 


36886 


41065 


COS233 


28104 


27940 


JI2 


N37 


COS171 


A 




(eV) 


(dex) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


A C O O 


Fe I 


3.60 


—0.880 


14.9 




46.6 


40.5 


70.2 


69.7 


93.8 


80.8 


102.4 


113.4 


ozoz.oo 


be 1 


2.40 


— 1.770 


32.8 


30.5 


83.7 


104.3 


116.3 


1 01 n 

121. y 


143.2 


132.2 


145.5 


148.7 


oz54.2o 


Fe I 


2.28 


—2.430 


12.7 


10.3 


48.5 


64.0 


81.6 


94.6 


116.6 


106.0 


126.1 


127.6 


0265.13 


Fe I 


2.18 


—2.540 


16.6 


21.0 


51.6 


68.1 


84.8 


92.5 


113.0 


106.2 


117.9 


128.4 


/ ■ o T 1 rio 

Dz71.2o 


Fe I 


3.33 


—2.700 










7.6 




8.0 




11.8 


19.8 


conn n7 
ozyU.y 7 


be 1 


4.73 


—0.730 










6.8 


11.7 




14.6 


17.9 


32.7 




Fe I 


2.22 


—2.640 






55.5 


54.5 




73.6 




88.4 


121.8 


110.1 


6301.51 


re 1 


3.65 


— 0.718 


11.2 




28.8 






65.0 


81.7 


87.6 


95.3 


120.2 


00O2.0U 


Fe I 


3.69 


— 1.110 






14.1 




32.1 


36.0 


53.1 


53.7 


69.2 


83.8 


6311.50 


Fe I 


2.83 


—3.140 


















47.5 




6315.31 


J^e 1 


4. 14 


— 1.230 




















43.5 


6315.81 


Fe I 


4.07 


— 1.610 














21.1 








uooo.Uo 


J^e 1 


2.84 


— 2.290 








27.9 


39.1 


65.3 


73.2 


64.3 


8/ .4 


97.0 


OOoU. ( 


J^e 1 


4. 19 


— 1.380 










8.3 


6.6 


16.4 


111 

14.1 


25.2 


32.4 


a ono cr /i 

0392.54 


Fe I 


2.28 


—3.990 








6.9 




12.5 


20.6 


19.9 


26.0 


38.0 


o393.o0 


Fe I 


2.43 


— 1.580 


40.7 


40.0 


94.8 


108.8 


122.6 


128.6 


151.2 


145.3 


155.6 


165.3 


r* a no no 

0408.03 


Fe I 


3.69 


— 1.020 






21.1 


22.8 


37.5 


46.7 


64.0 


63.2 


82.5 


91.8 


e a i i e c 
O411.O0 


.be 1 


3.65 


—0.720 


13.1 




36.6 


48.9 


66.8 


75.3 


92.9 


90.8 


103.9 


122.8 


6421.35 


.be 1 


2.28 


—2.010 


31.0 


38.2 


80.5 






113.5 


129.3 


129.4 


148.2 


159.6 


D430.84 


Fe I 


2.18 


— 1.950 


43.3 


33.3 


88.7 


109.1 




129.5 


157.7 




154.4 




a. a a. ci m 
t)4uy.Zl 


J^e 1 


4.83 


—0.730 














1 A Q 

14.3 






40.8 


a A 7C £i Q 
D4/0.UO 


be 1 


2.56 


—2.940 






12.2 


18.0 


31.6 


34.9 


47.2 


43.7 


66.9 


83.7 


o4ol.o 7 


re 1 


2.28 


—3.010 






20.4 


31.2 


46.2 


57.4 


71.5 


71.1 


89.6 


103.7 


ac\ a no 

0494.98 


Fe I 


2.40 


— 1.240 


60.2 


60.4 


114.1 


129.1 


138.1 


150.1 


168.4 


162.3 


172.6 


183.9 


D495.74 


Fe I 


4.83 


—0.840 




















15.5 


C a no n /I 


.be 1 


0.96 


—4.690 


6.3 




23.3 


A 1 Q 

41. 


57.3 


61.9 


88.5 


76.8 


107.0 


105.5 


£i K Q no 

oooo.yo 


re 1 


4.56 


— 1.360 


















1.0 


21.7 


6581.21 


Fe I 


1.48 


—4.680 










7.0 


23.9 


36.9 


23.5 


41.4 


53.6 


cno n 1 
Doyz.yl 


"TV, T 

re 1 


2.73 


— 1.470 


24.0 


25.7 


69.5 


86.2 


101.8 


106.9 


130.4 


121.8 


133.3 


139.8 


6593.87 


Fe I 


2.43 


—2.370 


9.4 




42.1 


57.2 


69.9 


83.6 


103.5 


95.9 


108.6 


119.0 


6597.56 


Fe I 


4.79 


-0.970 
















9.0 


12.4 


18.7 


6608.02 


Fe I 


2.28 


-3.930 












10.7 


11.3 


15.0 


24.5 


37.7 


6609.11 


Fe I 


2.56 


-2.660 






15.0 


24.3 


39.7 


42.7 


62.1 


63.8 


88.2 


97.6 


6625.02 


Fe I 


1.01 


-5.370 








10.5 


21.0 


20.5 


24.4 


25.3 


50.3 


62.1 


6627.54 


Fe I 


4.55 


-1.580 


















7.9 


11.4 


6633.75 


Fe I 


4.79 


-0.800 










13.8 


14.0 




22.0 


30.4 




6646.93 


Fe I 


2.61 


-3.960 


















7.2 




6648.12 


Fe I 


1.01 


-5.920 














13.9 






25.5 


6703.57 


Fe I 


2.76 


-3.060 










13.8 


21.0 


18.2 


31.1 


45.5 


55.8 


6716.22 


Fe I 


4.58 


-1.850 




















7.4 


6725.35 


Fe I 


4.19 


-2.250 


















8.3 


13.6 


6726.67 


Fe I 


4.61 


-1.070 


















17.1 


27.1 


6733.15 


Fe I 


4.64 


-1.480 


















6.6 


12.1 


6739.52 


Fe I 


1.56 


-4.790 










8.5 


6.3 






24.6 


33.1 


6746.95 


Fe I 


2.61 


-4.300 
















5.4 


6.6 


13.2 
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Table 3 — Continued 



A 


Ion 


X 


log(fl/) 


33533 


JI19 


36886 


41065 


COS233 


28104 


27940 


JI2 


N37 


COS171 


A 




(eV) 


(dex) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


6750.15 


Fe I 


2.42 


—2.580 


5.9 




34.3 


47.9 


56.3 


65.5 


86.8 


86.6 


102.0 


107.1 


6/52. / 1 


be 1 


4.D4 


— 1.200 
















10.8 


9.6 


17/1 

1 ( .4 


6783.71 


Fe I 


2.59 


—3.920 


















15.9 


15.2 


6786.86 


Fe I 


4.19 


— 1.970 


















7.2 


17.8 


ooo9.oo 


Fe I 


2.56 


—3.350 








12.4 


8.1 


11.2 


19.0 


17.0 


39.1 


49.2 


HQ AO HQ 


re 1 


4.64 


— 1.220 














11.3 


77 n 
I.O 




22.1 


C O A O i" CT 

oo4o.oo 


Fe I 


4.55 


—0.830 














13.3 


10.5 


28.6 


42.2 


boo 1. DO 


be 1 


1.61 


—5.280 


















12.8 


16.1 


6855.18 


Fe I 


4.56 


—0.740 










15.9 


14.3 


25.3 


20.0 


38.0 


54.1 


6855.71 


Fe I 


4.61 


— 1 . 780 


















10.0 


8.7 


6858.15 


re 1 


4.61 


—0.930 














11.9 




20.2 


26.6 


Dool.95 


Fe I 


2.42 


—3.850 












7.9 


16.3 


15.9 


20.6 


30.2 


0002.49 


le 1 


4.56 


— 1.470 




















13.7 


o9 ( 1.9o 


le 1 


3.02 


—3.340 


















1.0 


14.1 


6978.85 


Fe I 


2.48 


—2.450 


7.2 


14.0 




48.6 


69.6 




94.9 


95.8 


111.1 


121.2 


("'no o tr o 

6988.52 


Fe I 


2.40 


—3.560 












20.5 


27.0 


24.9 


41.9 


58.9 


/ ■ nnn oo 


Fe I 


4.10 


— 1.460 












15.3 


25.9 


25.1 


29.6 


50.1 


7nn7 


le 1 


4. 18 


— 1.960 




















19.5 


/U14.9o 


le 1 


2.45 


—4.200 




















14.9 


71)22.95 


Fe I 


4.19 


— 1.150 












18.1 


20.8 


19.4 


43.5 


54.1 


7AQQ OO 


le 1 


4.2Z 


1 onn 
— 1.20U 












1 1 Q 

11.3 


1 1 k 
1 / .5 


16.9 


26.1 


An a 
4U.4 


7112.17 


re 1 


2.99 


—3.100 








5.8 






14.2 




22.6 


41.0 


7114.55 


Fe I 


2.69 


—4.000 




















9.7 


71 on no 

7130.92 


Fe I 


4.22 


—0.750 






9.2 


13.5 


19.8 


26.3 


38.8 


41.7 


56.4 


71.9 


t\ 00 no 

71o2.9o 


Fe I 


4.07 


— 1.750 














12.1 


0.0 


16.5 


34.6 


7142.52 


le 1 


4.95 


— 1.030 




















11.2 


( 151.47 


re 1 


2.48 


—3.660 












12.6 


16.1 


19.1 


28.8 


38.3 


t\ 7A nn 

7179.99 


Fe I 


1.48 


—4.750 












29.8 










71 01 on 
/ 181.20 


re 1 


4.22 


— 1.250 












12.8 










7189.15 


Fe I 


3.07 


—2.830 












12.0 








39.5 


7284.84 


Fe I 


4.14 


-1.700 


















15.9 




7285.27 


Fc I 


4.61 


-1.660 




















7.7 


7288.74 


Fe I 


4.22 


-1.280 
















23.1 


42.8 




7306.56 


Fc I 


4.18 


-1.690 
















10.0 


15.6 


27.5 


7401.69 


Fe I 


4.19 


-1.350 










5.7 








26.9 


26.8 


7411.16 


Fe I 


4.28 


-0.280 






21.3 


19.3 


35.0 


37.2 


55.0 


54.8 


71.9 


90.8 


7418.67 


Fe I 


4.14 


-1.380 














8.4 


13.7 


25.5 


32.6 


7440.92 


Fe I 


4.91 


-0.720 
















11.4 


17.9 


27.9 


7443.02 


Fc I 


4.19 


-1.780 


















17.8 


18.7 


7445.75 


Fe I 


4.26 


0.030 




11.3 




37.3 


51.6 




75.0 


61.0 


90.7 


106.4 


7461.52 


Fc I 


2.56 


-3.530 












11.5 


18.8 


20.9 


35.6 


48.9 


7491.65 


Fe I 


4.30 


-1.070 












21.1 


29.3 


29.6 


38.2 


53.0 


7495.06 


Fe I 


4.22 


0.230 






37.4 




64.1 




96.1 


90.0 


108.5 


126.8 


7568.91 


Fe I 


4.28 


-0.940 








14.6 


17.0 


14.9 


34.2 


40.1 


46.5 


67.2 


7583.79 


Fe I 


3.02 


-1.890 




6.5 


24.9 


34.3 


51.7 


56.9 


84.6 


73.7 


90.5 


111.6 
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A 


Ion 


X 


l°g(<?/) 


33533 


JI19 


36886 


41065 


COS233 


28104 


27940 


JI2 


N37 


COS171 


A 




(eV) 


(dex) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


758b. U4 


Fe I 


4.31 


—0.130 




7.7 


21.4 


25.8 


45.0 


47.4 


65.5 


65.0 


84.6 


97.5 


7 (42. 7 2 


TJV, T 

be 1 


4.99 


—0.420 










110 
11. 2 




15.6 


15. D 


18.3 


22.5 


T'J A O 07 

7748.27 


Fe I 


2.95 


— 1.750 


7.0 




39.7 


52.3 


77.3 


80.5 


102.0 


99.0 


117.9 


123.2 


7751.12 


Fe I 


4.99 


—0.850 














8.4 




17.7 


24.5 


7780.57 


Fe I 


4.47 


—0.040 






20.1 


24.3 


43.4 


45.4 


63.0 


63.1 


83.0 


97.5 


70A7 no 
7 oU ( .92 


TJV, T 

re 1 


4.99 


—0.620 












8.2 








36.2 


4178. 8b 


Fe II 


2.57 


—2.530 




34.6 


68.0 


81.2 












99.2 


/I OQ Q 17 

42oo.l r 


TJV, TT 
rC 11 


2.57 


—2.000 


77.0 


78.2 


105.0 




86.0 










129.1 


A A A n 00 

441b. 82 


Fe II 


2.77 


—2.430 


46.0 


25.0 


52.7 


65.3 


63.2 


76.0 


89.2 


91.0 


101.4 


97.0 


44yl.4U 


TJV, TT 
rC 11 


2.84 


—2.600 


25.5 


31.0 


37.8 




68.1 


65.0 


65.6 




74.7 


92.0 


a rrno on 


TJV, TT 
rC 11 


2.84 


—2.280 


34.2 


40.0 


60.4 


69.4 


78.8 


91.2 


103.1 


117.2 


94.4 


124.0 


4555.89 


Fe II 


2.82 


—2.170 


29.1 


44.9 


73.3 


69.2 


82.4 


91.9 










4576.34 


TTV, TT 
rC 11 


2.83 


—2.900 






28.6 


37.9 


55.6 


46.1 


52.0 


75.3 


1 i.z 


89.0 


4o8o.84 


T7V, TT 
rC 11 


2.81 


—2.020 


*7 a n 


64.0 


91.8 


124.5 


110. 1 












492,5.93 


Fe II 


2.88 


— 1.320 


90.0 


97.5 


122.1 


133.6 


140.7 


137.4 




148.0 


151.0 


170.0 


5018.45 


Fe II 


2.89 


— 1.220 


103.7 


109.0 


134.9 


151.4 


142.1 




169.7 


165.7 






5197.58 


Fe II 


3.23 


—2.230 


22.5 


34.4 


53.4 


53.0 


71.3 


66.9 


91.4 


88.0 


88.0 


98.8 


0ZO4.DO 


TJV, TT 
rC 11 


3.22 


—2.220 


24.3 


27.9 


53.7 


62.4 


/ 1.0 


71.4 


83.8 


82.0 


87.6 


99.8 


o414.Uo 


T7V, TT 
rC 11 


3.22 


—3.620 










11.3 


12.4 


18.2 


19.0 


20.5 


35.0 


5425. 2b 


Fe II 


3.00 


—3.240 








19.6 


17.0 


24.9 


28.5 


25.0 


38.9 


40.0 


c cr /i oc 
00o4.50 


T7V, TT 
rC 11 


3.25 


—2.640 


10.6 


ion 
1Z.U 


21.6 


24.0 


A O Q 


43.4 


54.0 


A *7 O 

47.3 


55.4 


72.0 


oyyl.oo 


TJV, TT 
rC 11 


3.15 


—3.570 








11.3 


17.6 




23.5 


16.7 


21.3 


44.6 


6084.11 


TT 1 ^, TT 

re 11 


3.20 


—3.800 


















19.2 


26.3 


b!49.2b 


Fe II 


3.89 


—2.690 






10.3 




9.8 


11.6 


12.2 




18.6 


31.8 


6247.56 


Fe II 


3.89 


—2.360 








24.8 


20.4 


42.6 


57.0 


30.5 


35.5 


56.3 


boby.4b 


TTV, TT 

rC 11 


2.89 


—4.200 








9.3 


11.2 


1.0 


13.1 




16.9 


26.9 


^ /i 1 c no 
b41b.92 


TTV, TT 

rC 11 


3.89 


—2.690 














19.8 


18.0 


16.5 


31.5 


b51b.Uo 


Fe II 


2.89 


—3.450 


7.8 




21.4 


21.8 


31.7 


37.1 


51.9 


44.5 


49.9 


63.0 


*7 A A n Q /I 

/ 44y.o4 


TTV, TT 

rC 11 


3.89 


—3.310 
















10.0 




19.2 


4121.31 


Co I 


0.92 


-0.315 




70.0 


158.6 


141.7 


148.9 


163.6 










5530.79 


Co I 


1.71 


-2.060 












11.4 


15.0 




18.0 


21.8 


5647.23 


Co I 


2.28 


-1.560 


















11.7 




6189.00 


Co I 


1.71 


-2.450 








12.0 




8.9 


11.5 




12.9 




6632.45 


Co I 


2.28 


-2.000 


















10.0 




7417.41 


Co I 


2.04 


-2.070 


















11.5 




5578.72 


Ni I 


1.68 


-2.640 






20.9 


20.9 


30.6 


48.3 


46.7 


50.6 


68.3 


51.7 


5587.86 


Ni I 


1.93 


-2.140 






15.5 


21.8 


34.8 


47.6 


52.4 


48.8 


69.5 


53.8 


5592.26 


Ni I 


1.95 


-2.590 






13.0 


16.4 




39.2 


47.8 






60.2 


5748.35 


Ni I 


1.68 


-3.260 






8.7 


11.1 


16.1 


20.4 




22.2 


31.5 


17.2 


5760.83 


Ni I 


4.10 


-0.805 


















8.5 




5846.99 


Ni I 


1.68 


-3.210 












12.4 


13.9 


17.5 


24.1 


13.1 


5892.87 


Ni I 


1.99 


-2.340 








25.4 


50.5 


56.5 


51.5 


55.0 


76.8 


75.0 


6086.28 


Ni I 


4.26 


-0.515 


















7.8 




6128.97 


Ni I 


1.68 


-3.330 








4.7 


7.7 


20.3 


22.8 


22.0 


30.1 


17.2 


6175.37 


Ni I 


4.09 


-0.535 










8.5 




12.1 




13.5 


16.2 
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Table 3 — Continued 



A 


Ion 


X 


log(ff/) 


33533 


JI19 


36886 


41065 


COS233 


28104 


27940 


JI2 


N37 


COS171 


A 




(eV) 


(dex) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


(mA) 


C 1 7C O 1 

ol7o.81 


Ni I 


4.09 


—0.529 










10.4 


16.5 


14.1 




14.0 


17.5 


6177.24 


■\t; t 
INI 1 


1.83 


—3.510 












10.8 


9.2 


9.1 


13.0 




6314.66 


Ni I 


1.93 


— 1.770 
















110.2 






c a o o on 

6482.80 


Ni I 


1.93 


—2.630 






11.3 


8.0 




26.2 


24.4 


26.6 


37.1 


31.5 


OOOO.ol 


Ni I 


1.95 


—2.810 






15.4 


12.2 


15.7 


26.5 


34.6 


35.0 


43.0 


34.6 


Q.P. A Q £i Q 

oo4o.oo 


iNl 1 


1.68 


—2.300 


8.4 


14.6 


46.6 


58.1 


76.9 


96.9 


106.3 


104.0 


120.7 


102.3 


blbl.il 


Ni I 


1.83 


—2.170 


9.0 


10.0 


42.0 


45.8 


65.7 


83.8 


91.9 


83.8 


105.4 


88.3 


o77 2.ol 


M; t 
INI 1 


3.66 


—0.987 










10.8 


12.1 


12.4 


16.7 


18.8 


17.0 


bo4z.U4 


Ni I 


3.66 


— 1.470 


















8.4 


3.7 


711U.OO 


Ni I 


1.93 


—2.970 








10.1 


9.9 


23.9 


29.9 


18.4 


37.0 


23.6 


( 1ZZ.2U 


■\t; t 


3.54 


0.048 






35.2 


40. 1 


38.7 




65.9 


59.2 


75.0 


65.7 


7i n7 m 

7197. Ul 


Ni I 


1.93 


—2.680 








24.1 














70£;i no 


■\t: t 


1.95 


—2.700 






9.2 


ITT 


31.0 


37.6 


45.3 


ACi T 

49. / 




57.3 




ivr: t 
INl 1 


3.80 


—0.100 






n a 
9.4 


15.3 




34.9 


39.1 






48.0 


7/11/1 en 

7414.50 


Ni I 


1.99 


—2.570 






13.3 


21.7 


38.6 


53.1 


59.0 


53.0 


75.7 


64.2 


7 A no 07 

742z.27 


Ni I 


3.63 


—0.129 




13.7 


22.0 


20.0 


37.7 


41.8 


45.6 


51.7 


63.4 


56.1 


7CT 7 /I n CT 

7574. U5 


Ni I 


3.83 


—0.580 










14.8 


14.1 


22.0 


18.0 


34.0 


29.9 


7707 £;o 


ivt; T 
INl 1 


3.68 


—0.162 






22.6 


21.3 


27.3 


48.7 


48.1 


45.5 


58.1 


50.4 


77/1 o on 


ivr; t 
INl 1 


3.70 


—0.130 






12.4 


26.6 


35.0 


40.0 


32.0 


42.8 


55.4 


50.0 


7700 no 

7788. 9o 


Ni I 


1.95 


—2.420 






35.6 




63.0 


81.5 


92.2 


86.0 


102.5 


92.8 


77(17 cn 


ivr; t 
INl 1 


O.90 


—0.180 










13. o 


oc n 
26.9 


QO A 


24.2 


40.1 


31.3 


cine: c /i 




1.39 


— 1.505 










28.0 


30.0 


39.8 


47.0 


62.5 


34.0 


CT700 1 O 




1.64 


— 1.780 










13.3 


11.5 


20.8 


11.0 


30.1 


11.1 


/I 700 "1 

4722. lb 


Zn I 


4.03 


—0.390 




15.0 


23.8 


17.2 


26.9 


25.2 


30.0 


29.9 


35.9 


16.0 


4810.54 


Zn I 


4.08 


—0.170 


14.0 


21.0 


23.1 


20.3 


27.9 


25.1 


38.0 


44.0 


40.8 


24.4 


/I fl77 71 

40/ / . / 1 


br li 


0.00 


0.170 


207.3 


168.3 


205.1 


239.5 




245.0 










4215.52 


Q„ IT 

or 11 


0.00 


—0.140 


188.8 


162.6 


199.6 


218.8 


186.0 


236.0 


237.7 






243.0 


/i tr cr a r\ a 

4554. U4 


Ba II 


0.00 


0.170 


74.1 


89.2 


181.9 


193.4 


215.0 


153.2 


243.7 


251.7 




190.4 


/i no a ic 


T3 „ TT 

ria 11 


0.00 


—0.150 


71.7 


68.1 


210.0 


200.0 


214.0 




264.0 


265.0 


275.0 




5853.70 


Ba II 


0.60 


— 1.010 


10.0 




60.8 


63.1 


86.0 


40.6 


102.3 


134.0 


128.0 


93.5 


6141.70 


Ba II 


0.70 


-0.070 


34.5 


35.2 


107.7 


120.8 


130.0 


95.2 


170.5 


171.2 


173.8 


129.4 


6496.90 


Ba II 


0.60 


-0.380 


22.7 


12.6 


109.0 


120.9 


127.2 


90.7 


168.1 


174.7 


170.6 


125.7 


3950.36 


Y II 


0.10 


-0.490 


55.2 




















4398.01 


Y II 


0.13 


-1.000 


43.5 


24.7 


34.6 


53.0 


70.4 


45.0 


75.0 


94.9 


94.0 


47.5 


4883.69 


Y II 


1.08 


0.070 


32.3 


31.0 


23.3 


31.0 


39.4 


39.3 


74.0 


73.1 


82.8 


49.8 


5087.43 


Y II 


1.08 


-0.170 


24.3 




13.2 


21.0 


28.2 


23.7 


55.0 


60.0 


66.3 


27.4 


5123.22 


Y II 


0.99 


-0.830 


13.0 












20.8 




35.6 




5200.42 


Y II 


0.99 


-0.570 






13.6 






13.3 


35.4 


52.4 


58.5 


25.3 


6134.55 


Zr I 


0.00 


-1.280 


















9.0 




4161.21 


Zr II 


0.71 


-0.720 












40.1 










4208.99 


Zr II 


0.71 


-0.460 


43.3 


41.0 


25.7 


46.5 


42.9 


54.7 


62.0 


88.4 


83.0 


40.5 


5112.28 


Zr II 


1.66 


-0.590 
















24.0 


28.0 




4086.71 


La II 


0.00 


-0.070 






35.0 


53.2 


44.9 




73.9 








4333.76 


La II 


0.17 


-0.060 






42.4 


21.5 


43.3 


13.3 


85.0 








5114.56 


La II 


0.23 


-1.030 
















54.0 


66.0 
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Table 3 — Continued 



\ 

A 


Ion 


X 


lr>o-C n f\ 

l °g{9J ) 


TT1Q ^fiS&fi 






28104 


97Qzlfl 


JI2 


1V37 
1\ O 1 


pom 71 


A 




lev ) 


(dex) 


I'm A Cm A 'I I'm A 


Cm k\ 




Cm A") 


(mrtj 


I'm A"! 




Cm A "I 


6320.38 


La II 


0.17 


-1.562 














31.0 




6390.48 


La II 


0.32 


-1.410 










13.5 


28.6 


29.3 


6.3 


6774.26 


La II 


0.13 


-1.720 












21.5 






4222.60 


Cc II 


0.12 


-0.180 














65.9 




4418.79 


Co II 


0.86 


0.310 














32.5 




4486.91 


Ce II 


0.30 


-0.360 






27.0 




16.7 


48.4 


57.8 




4562.37 


Ce II 


0.48 


0.330 


14.6 


24.8 


34.0 




39.0 


68.5 


64.8 


30.6 


4628.16 


Ce II 


0.52 


0.260 






16.0 




41.3 


59.3 


59.9 


23.5 


5274.23 


Cc II 


1.04 


0.150 














30.0 




5220.12 


Pr II 


0.80 


0.170 






7.4 




13.2 


15.6 


29.5 




5259.74 


Pr II 


0.63 


0.082 












26.0 


33.0 




4061.09 


Nd II 


0.47 


0.550 


31.9 




56.0 








88.0 




4109.46 


Nd II 


0.32 


0.350 


49.8 


81.3 


60.0 












4232.38 


Nd II 


0.06 


-0.470 


21.8 




28.8 












4446.39 


Nd II 


0.20 


-0.350 






31.1 




46.5 


69.7 


84.0 


23.1 


4462.99 


Nd II 


0.56 


0.040 






26.1 




49.0 




87.0 




4947.02 


Nd II 


0.56 


-1.130 














17.2 




4959.12 


Nd II 


0.06 


-0.800 












65.0 


74.0 




5076.58 


Nd II 


0.74 


-0.386 














37.0 




5092.79 


Nd II 


0.38 


-0.610 




13.5 


14.0 




28.8 


43.8 


44.0 


11.1 


5130.59 


Nd II 


1.30 


0.450 










24.8 


35.6 


43.9 




5212.35 


Nd II 


0.20 


-0.960 






20.0 




27.6 


37.8 


50.4 




5249.58 


Nd II 


0.98 


0.200 


5.5 




18.4 




34.5 


46.3 


59.5 


18.4 


4318.94 


Sm II 


0.28 


-0.270 






20.7 




51.1 


73.8 






4537.95 


Sm II 


0.48 


-0.230 














50.0 




4815.81 


Sm II 


0.19 


-0.770 












51.0 


61.0 




4948.63 


Sm II 


0.54 


-0.840 














26.0 




4129.70 


Eu II 


0.00 


0.220 


24.0 <29.7 95.0 


110.0 




30.0 


194.0 








6437.64 


Eu II 


1.32 


-0.320 












24.0 


32.0 




6645.11 


Eu II 


1.38 


0.120 


6.4 


6.5 


11.3 




19.0 


38.5 


44.0 


11.7 


4085.57 


Gd II 


0.56 


-0.230 














42.0 




4103.31 b 


Dy II 


0.10 


-0.370 


48.4 




91.1 




106.9 


111.8 


131.0 




4468.14 


Dy II 


0.10 


-1.500 












20.0 


35.2 




5169.69 


Dy II 


0.10 


-1.660 










6.5 


13.0 


21.5 





a Dubious line, probably should not have been used. 

b This line gives an abundance ~1.0 dex higher than the other two Dy II lines, and is ignored in computing the Dy abundance. 
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Table 4. Fit Fe I Slopes With EP, Equivalent Width, and Wavelength 



Star ID 


A[X/Fe]/A(EP) a 


A[X/Fe]/A[W A /A] 


A[X/Fe]/AA 




(dex/eV) 


(dex) 


(10- 4 dex/l) 


C0S171 


0.00 


-0.03 


-0.07 


COS233 


-0.05 


0.01 


-0.09 


JI2 


-0.04 


0.00 


-0.18 


JI19 


-0.07 


0.03 


-0.05 


N37 


-0.04 


0.00 


-0.59 


27940 


-0.02 


-0.02 


-0.43 


28104 


-0.05 


-0.02 


-0.25 


36886 


-0.05 


-0.03 


-0.29 


33533 


-0.11 b 


0.01 


0.04 


41065 


-0.06 


-0.02 


-0.23 



a Typical range of EP is 4 eV. This slope decreases by ~0.1 dex/eV 
for an increase in T e ff of 250 K. 

b Correlation coefficient is very low. 



Table 5a. Abundances for the First Five UMi Stars 



Species 




UMi 33533 


[Fe/H] 


-3.10 




UMi .1119 


[Fc/H] 


-3.08 




UMi 36886 


[Fe/H] 


-2.43 




UMI 41065 


[Fe/H] 


-2.42 




UMi COS233 [Fe/H] -2.15 




[X/Fe] 


loge(X) 


No. 




[X/Fe] 


loge(X) 


No. 




[X/Fe] 


loge(X) 


No. 




[X/Fe] 


loge(X) 


No. 




[X/Fe] 


loge(X) 


No. 


(T a 




(dcx) 


(dcx) 


Lines 


(dex) 


(dex) 


(dcx) 


Lines 


(dex) 


(dcx) 


(dex) 


Lines 


(dcx) 


(dcx) 


(dcx) 


Lines 


(dex) 


(dex) 


(dcx) 


Lines 


(dcx) 


C(CH) b 


-0.03 


5.46 


1 




-0.15 


5.36 


1 




-0.88 


5.28 


1 




-0.66 


5.51 


1 




-0.76 


5.68 






O I 


















0.58 


6.99 


1 




0.39 


6.80 


1 




0.56 








Na I 


-0.42 


2.80 


2 


0.06 


-0.23 


3.01 


2 


0.06 


-0.17 


3.73 


2 


0.06 


-0.29 


3.61 


3 


0.15 


-0.37 


3 80 






Mg I 


0.28 


4.72 


4 


0.13 


0.43 


4.89 


4 


0.12 


0.42 


5.53 


5 


0.05 


0.42 


5.54 


5 


0.21 


0.34 






19 


Al 1° 


0.53 


3.90 


1 




0.47 


3.85 


1 




-0.53 


3.51 


1 












-0.18 


4 15 






Si I 


0.36 


4.81 


1 




0.98 


5.45 


2 


0.10 


0.34 


5.47 


5 


0.17 


0.44 


5.57 


4 


0.24 


0.29 








K I 


0.04 


2.06 


1 




0.45 


2.49 


1 




0.40 


3.09 


1 




0.22 


2.92 


1 




0.35 


3 32 






Ca I 


0.05 


3.31 


8 


0.19 


0.33 


3.61 


12 


0.19 


0.14 


4.07 


18 


0.15 


0.11 


4.05 


16 


0.16 


0.05 








Sc II 


-0.30 


-0.30 


3 


0.17 


0.03 


0.05 


6 


0.08 


0.05 


0.72 


10 


0.14 


0.02 


0.70 


8 


0.21 


0.14 


1 09 




16 


Ti I 


-0.03 


1.85 


9 


0.10 


0.35 


2.25 


8 


0.09 


0.00 


2.57 


17 


0.13 


0.03 


2.60 


17 


0.15 


-0.03 




22 


13 


Ti II 


0.02 


1.91 


12 


0.19 


0.37 


2.28 


19 


0.19 


0.23 


2.79 


18 


0.13 


0.24 


2.81 


14 


0.21 


0.20 


3 04 


13 


23 


V I 


















0.04 


1.61 


2 


0.11 


-0.04 


1.54 


3 


0.15 


-0.05 


1.81 


4 


0.19 


Cr I 


-0.54 


2.03 


6 


0.25 


-0.44 


2.15 


6 


0.24 


-0.30 


2.94 


8 


0.09 


-0.29 


2.96 


8 


0.18 


-0.32 


3.21 


7 


0.08 


Mn I 


-0.71 d 1.58 d 


2 


0.11 


-0.85' 


1 1.46 d 


2 


0.04 


-0.41 


2.55 


3 


0.13 


-0.27 


2.70 


5 


0.34 


-0.47 


2.77 


6 


0. 14 


Fe 1° 


-3.10 


4.35 


76 


0.22 


-3.08 


4.37 


79 


0.19 


-2.43 


5.02 


85 


0.16 


-2.41 


5.03 


100 


0.20 


-2.15 


5.30 


115 


0.17 


Fc II 


0.08 


4.43 


12 


0.22 


0.09 


4.46 


12 


0.13 


-0.06 


4.97 


15 


0.14 


0.03 


5.06 


16 


0.26 


-0.03 


5.27 


19 


0.20 


Co I 










-0.04 


1.79 


1 




0.53 


3.02 


1 




0.39 


2.89 


2 


0.31 


-0.08 


2.69 


1 




Ni I 


-0.08 


3.07 


2 


0.06 


0.14 


3.31 


3 


0.15 


-0.03 


3.79 


16 


0.21 


-0.12 


3.71 


19 


0.18 


-0.08 


4.02 


21 


0.21 


Cu I 


































-0.68 


1.39 


2 


0.10 


Zn I 


0.39 


1.88 


1 




0.58 


2.09 


2 


0.01 


0.07 


2.24 


2 


0.13 


-0.14 


2.04 


2 


0.07 


-0.17 


2.28 


2 


0.11 


Sr II 


0.17 


-0.03 


2 


0.08 


-0.25 


-0.43 


2 


0.07 


-0.27 


0.21 


2 


0.11 


-0.19 


0.29 


2 


0.04 


-0.53 


0.22 


1 




Y II 


0.16 


-0.70 


5 


0.18 


-0.08 


-0.92 


2 


0.12 


-0.71 


-0.90 


4 


0.14 


-0.65 


-0.83 


3 


0.19 


-0.58 


-0.49 


3 


0.31 


Zr II 


0.57 


0.07 


1 




0.52 


0.04 


1 




-0.40 


-0.23 


1 




-0.10 


0.08 


1 




-0.36 


0.09 


1 




Ba II 


-0.99 


-1.96 


5 


0.21 


-1.16 


-2.11 


4 


0.07 


-0.35 


-0.65 


5 


0.18 


-0.51 


-0.80 


5 


0.09 


-0.18 


-0.20 


5 


0.13 


La II 


















-0.11 


-1.39 


2 


0.15 


-0.26 


-1.54 


2 


0.42 


-0.27 


-1.27 


2 


0.08 


Co II 


















-0.31 


-1.19 


1 




-0.09 


-0.96 


1 




-0.11 


-0.70 


3 


0.33 


Pr II 


































0.25 


-1.19 


1 




Nd II 


















-0.05 


-0.97 


4 


0.19 


0.32 


-0.60 


2 


0.53 


0.03 
0.08 


-0.62 
-1.07 


8 
1 


0.11 


Eu II 


-0.24 


-2.83 


1 




<0.40 


<-2.17 


1 




0.44 


-1.48 


2 


0.09 


-0.02 


-1.93 


2 


0.14 


0.52 


-1.12 


1 





a cr is the dispersion of the abundance ratio for each absorption line about the mean for the species. 
b Thc 4320 A region of the G band of CH was used. 

C A non-LTE correction of +0.6 dex was used for stars where only the 3961 A resonance line was measured. 
^An offset of +0.2 dcx was applied if only the 4030 A triplet lines could be detected. 
c [Fc/H](Fc I) is given instead of [X/Fe]. 



Table 5b. Abundances for the Last Five UMi Stars 



Species 




UMi 28104 


[Fe/H] 


-2.08 




UMi 27940 


[Fe/H] 


-1.91 




UMi JI2 


[Fc/H] 


-1.76 




UMi N37 


[Fc/H] 


-1.55 




UMi COS171 [Fe/H] -1.35 




[X/Fc] 


loge(X) 


No. 


,7" 


[X/Fc] 


loge(X) 


No. 




[X/Fc] 


loge(X) 


No. 




[X/Fc] 


loge(X) 


No. 


<r a 


[X/Fc] 


loge(X) 


No. 


CT a 




(dcx) 


(dcx) 


Lines 


(dcx) 


(dcx) 


(dcx) 


Lines 


(dcx) 


(dcx) 


(dcx) 


Lines 


(dcx) 


(dcx) 


(dcx) 


Lines 


(dcx) 


(dcx) 


(dcx) 


Lines 


(dex) 


C(CH) b 


-0.54 


5.97 


1 




-0.82 


5.86 


1 




-0.77 


6.06 


1 




-0.68 


6.36 


1 




-1.06 








O I 


0.44 


7.20 


1 




0.34 


7.26 


1 




0.20 


7.26 


1 




0.15 


7.43 


2 


0.09 


0.02 


7.51 




n oa 


Na I 


-0.40 


3.84 


3 


0.12 


-0.44 


3.97 


4 


0.06 


-0.64 


3.92 


4 


0.03 


-0.72 


4.05 


4 


0.10 


-1.27 


3.70 


3 


0.08 


Mg I 


0.40 


5.87 


5 


0.19 


0.30 


5.93 


6 


0.15 


0.23 


6.00 


4 


0.12 


0.13 


6.12 


4 


0.18 


-0.35 


5.85 


3 


0.22 


Al 1° 


o.ia 


4.52 


1 




















0.01 


4.93 


2 


0.21 










Si I 


0.21 


5.68 


6 


0.16 


0.12 


5.77 


10 


0.12 


0.14 


5.93 


9 


0.18 


0.04 


6.04 


9 


0.10 


-0.19 


r m 




15 


K I 


0.24 


3.29 


1 




0.26 


3.47 


1 




0.16 


3.52 


1 




0.20 


3.78 


1 




-0.12 








Ca I 


0.02 


4.30 


20 


0.14 


0.01 


4.46 


17 


0.21 


-0.08 


4.52 


18 


0.18 


-0.10 


4.71 


17 


0.16 


-0.36 


4 66 


18 


n is 


Sc II 


-0.04 


0.98 


8 


0.07 


-0.07 


1.12 


8 


0.20 


-0.24 


1.09 


7 


0.08 


-0.25 


1.30 


7 


0.10 


-0.74 


101 






Ti I 


-0.08 


2.83 


26 


0.16 


-0.05 


3.03 


28 


0.16 


-0.02 


3.20 


23 


0.13 


-0.05 


3.40 


31 


0.15 


-0.59 




22 


14 


Ti II 


0.16 


3.08 


14 


0.19 


0.10 


3.18 


7 


0.23 


0.08 


3.31 


11 


0.22 


0.05 


3.49 


8 


0.25 


-0.41 


324 


14 


19 


V I 


-0.21 


1.71 


5 


0.18 


-0.25 


1.84 


7 


0.22 


-0.26 


1.98 


4 


0.08 


-0.27 


2.18 


8 


0.09 


-0.85 


1.80 


7 


0.13 


Cr I 


-0.37 


3.22 


8 


0.08 


-0.22 


3.54 


6 


0.10 


-0.22 


3.69 


7 


0.15 


-0.12 


4.01 


9 


0.18 


-0.34 








Mn I 


-0.48 


2.83 


4 


0.03 


-0.32 


3.16 


5 


0.21 


-0.34 


3.29 


4 


0.12 


-0.26 


3.58 


5 


0.15 


-0.83 


3.21 


7 


0.14 


Fe I d 


-2.08 


5.37 


126 


0.15 


-1.91 


5.54 


134 


0.18 


-1.76 


5.69 


148 


0.16 


-1.55 


5.90 


164 


0.16 


-1.35 


6. 10 


190 


0.14 


Fc II 


-0.05 


5.32 


15 


0.14 


0.06 


5.60 


16 


0.21 


-0.06 


5.63 


15 


0.33 


-0.11 


5.79 


17 


0.19 


0.00 


6.10 


20 


0.17 


Co I 


0.10 


2.94 


3 


0.15 


-0.01 


3.00 


2 


0.14 










-0.14 


3.24 


5 


0.13 


-0.36 


3.21 


1 




Ni I 


— 0.02 


4.15 


24 


0.16 


— 0.25 


4.09 


25 


0.21 


—0.23 


4.26 


23 


0.21 


— 0.27 


4.43 


26 


0.19 


—0.62 


4.29 


26 


0.21 


Cu I 


-0.81 


1.32 


2 


0.02 


-0.91 


1.39 


2 


0.11 


-0.95 


1.50 


2 


0.19 


-0.90 


1.76 


2 


0.02 


-1.56 


1.31 


2 


0.03 


Zn I 


-0.30 


2.22 


2 


0.13 


-0.26 


2.43 


2 


0.02 


-0.34 


2.49 


2 


0.10 


-0.47 


2.58 


2 


0.06 


-1.10 


2.16 


2 


0.04 


Sr II 


-0.25 


0.57 


2 


0.11 


-0.33 


0.67 


1 




















-0.62 


0.93 


1 




Y II 


-0.91 


-0.75 


4 


0.09 


-0.55 


-0.22 


5 


0.11 


-0.39 


0.09 


4 


0.20 


-0.39 


0.30 


5 


0.12 


-1.31 


-0.41 


4 


0.10 


Zr II 


-0.23 


0.29 


2 


0.03 


-0.25 


0.44 


1 




0.14 


0.98 


2 


0.07 


0.01 


1.06 


2 


0.06 


-1.10 


0.15 


1 




Ba II 


-1.04 


-0.99 


4 


0.06 


-0.05 


0.17 


5 


0.15 


0.27 


0.64 


5 


0.25 


0.19 


0.77 


4 


0.09 


-0.75 


0.03 


4 


0.12 


La II 


-1.03 


-1.97 


1 




0.02 


-0.75 


3 


0.04 


0.37 


-0.25 


3 


0.10 


0.39 


-0.01 


3 


0.15 


-0.68 


-0.88 


1 




Ce II 










-0.29 


-0.65 


3 


0.10 


0.15 


-0.06 


3 


0.10 


0.06 


0.07 


6 


0.12 


-0.70 


-0.50 


3 


0.36 


Pr II 










0.19 


-1.01 


1 




0.28 


-0.77 


2 


0.10 


0.41 


-0.43 


2 


0.05 










Nd II 










0.03 
0.38 


-0.37 
-0.52 


6 
1 


0.06 


0.25 
0.66 


-0.01 
-0.10 


6 
2 


0.06 
0.12 


0.36 
0.48 


0.31 
-0.06 


10 
3 


0.15 
0.15 


-0.82 


-0.66 


3 


0.11 


Eu II 


-0.74 


-2.31 


1 




0.61 


-0.79 


2 


0.27 


0.83 


-0.42 


2 


0.07 


0.87 
0.46 


-0.16 
0.03 


2 
1 


0.12 


-0.18 


-1.02 


1 




Dy II 










0.35 


-0.46 


1 




0.97 


0.31 


2 


0.03 


0.76 


0.31 


2 


0.03 











a <r is the dispersion of the abundance ratio for each absorption line about the mean for the species. 
b Thc 4320 A region of the G band of CH was used. 

C A non-LTE correction of +0.6 dex was used for stars where only the 3961 A resonance line was measured. 
d [Fc/H](Fc I) is given instead of [X/Fc] . 
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Table 6. Parameters for the Toy Model of Abundance Ratios a Applied to the Ursa Minor Giants 



Species [X/Fe] A(X) 


B(X) 


[Fe/H] (A) 


[Fe/H] (B) 


[Fe/H](low,X) 


[Fe/H](high,X) 


(dex) 


(dex) 


(dex) 


(dex) 


(dex) 


(dex) 



[Na/Fe] 


-0.33 


-0.70 


-3.09 


-1.58 


-2.18 


-1.75 


[Mg/Fe] 


0.36 


0.22 


—3.09 


— 1.58 


— 1.94 


— 1.82 


i i ■ l 1-1 h 

thick disk 


0.35 


r\ r\r\ 

0.00 


— 1.00 


r\ r\r\ 

0.00 


—0.53 


—0.07 


tlim disk 


0.11 


0.02 


—0.70 


0.05 


—0.50 


—0.10 


[Si/Fe] 


0.67 


0.05 


-3.09 


-1.58 


-2.91 


-1.64 


[Ca/Fe] 


0.19 


0.04 


-3.09 


-1.58 


-2.67 


-2.12 


[Sc/Fe] 


-0.13 


-0.17 


-3.09 


-1.58 


-1.88 


-1.82 


[Til2/Fe]° 


0.13 


0.04 


-3.09 


-1.58 


-3.03 


-1.64 


[Cr/Fe] 


-0.49 


-0.06 


-3.09 


-1.58 


-2.79 


-1.64 


[Mn/Fe] d 


-0.78 


-0.12 


-3.09 


-1.58 


-3.03 


-1.64 


[Ni/Fe] 


0.03 


-0.20 


-3.09 


-1.58 


-3.03 


-2.24 


[Zn/Fe] 


0.48 


-0.23 


-3.09 


-1.58 


-3.03 


-1.64 


[Ba/Fe] 


-1.08 


0.25 


-3.09 


-1.58 


-2.73 


-1.64 


[a/Fe] e 


f 


f 


f 


i 


-2.78 ±0.3 


-1.53 (-0.3) 


[Fe - peak/Fe] e 


f 


f 


f 


f 


-3.0 ±0.25 


-1.53 (-0.2) 


[Combo/Fe]§ 


f 


f 


f 


f 


-2.85 ±0.2 


-1.52 (-0.2) 



a The model and its parameters are described in £ 15.11 The low outlier COS171 is not used for 
any of the fits. 



3 Fits to the Milky Way thin a nd thick disk sample of iReddv et all ( 20031 ) and 



Reddv. Lambert fe Allende Prietol (|2006l ) for [Mg/Fe] vs [Fe/H]. 



c [Til2/Fe] = [Ti from Til/Fe from Fel] + [Ti from Till/Fe from Fell] )/2. 

d An offset of ±0.2 dex was applied to [Mn/Fe] for the two lowest [Fe/H] stars as only the 4030 A 
lines were detected. 

e a elements = Mg, Si, Ca and Til2. Fe-peak elements = Cr, Mn, and Ni. 2-cr uncertainties 
are tabulated. 

The values of A(X), B(X), [Fe/H] (A) and [Fe/H](B) were assumed from each individual fit. 
g "Combo" combines Si, Cr, Mn, Ni, and Ba, the elements with the strongest dependence of 
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[X/Fe] on [Fe/H] in our UMi sample. 2-cr uncertainties are tabulated. 



-47- 



if) 
if) 

Q 
Ul 

O 



QO 



CO 




1 1 .5 

g — i (mag, SDSS) 



Fig. 1. — Our UMi HIRES sample is shown in a plot of g' — i versus g' (large symbols), where filled 
circles indicate giants with [Fe / H] < —2.5 dex, and star symbols have hig her Fe-metallicit y . The 
sample of UMi stars studied by IShetrone. Cote Sargentl (|200ll ) and by ISadakane et al.l (j2004j ) 
are indic a ted b y the small and intermediate sized symbols. The dots indicate UMi members from 
Winnickl (120031) with photometry from the SDSS. Carbon stars that are confirmed members of 
UMi from IShetrone. Bolte fc Stetson! (| 19981 ) are indicated by the letter C. All observerational data 
are corrected for in terstellar reddening. Isochrones from the Dartmouth Stellar Evolution Database 
jPotter et aZhooah for [Fe/H] -2.5 dex with [a/He] = +0.2 dex (solid lines) and for [Fe/H] -1.5 dex 
with [a/Fe] Solar (dashed lines) for ages 9 and 12.5 Gyr are shown. 
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Ca/H](CaT) (dex) 



Fig. 2.— The [Ca/H] values derived from indices of the strength of the infrared Ca triplet by 



Winnickl (|2003l ) are compared to the results of our high-resolution detailed abundance analyses for 
our sample of 10 RGB stars in each of the UMi and the Draco dSph galaxy. The solid line represents 
the best fit to the UMi data, while the dashed lines sh ow offsets betwe e n the two determinations 
of ±0.2 dex. Sm aller symbols denote 3 UM i stars from ISadakane et al.1 (|2004l ). while the smallest 
symbols are from IShetrone. Cote fc Sargentl (120011 ). 
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Fig. 3. — [C/Fe] from the G band of CH vs [Fe/H] for UMi giants from our sample (large filled cir- 
cles). The symbol key for the other sources is given on each figu re. Typical uncertainties are shown 
for on e star. The line represents the behavior of halo dwarfs from lReddy. Lambert Allende Prieto 
fcood ). 
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-3 -2.5 -2 -1.5 -1 

[Fe/H] (dex) 

Fig. 4. — [O/Fe] vs [Fe/H]. UMi stars from our sample are sho wn as large fi lled c ircles. Typical 
uncertainties are shown for one star. The small crosses are from lNissen et all (|2002l ) whose sample 
includes main sequence and subgiant s tars. Linear fits to the thick disk and halo stars (solid line) 
and thin disk (dashed line) relations of Ramirez. Allende Prieto Lambert (j2007l ) are shown. The 
arrow indicates the probable magnitude of ID to 3D model corrections required for the ICayrel et al 
([200J) and the UMi [O/Fe] values. 
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Fig. 5. — [Na/Fe] vs [Fe/ H] for UMi stars . Stars from our HIRES sample (large filled circles) are 
combined with those from ISadakane et al.l (I2004r) (large open circles). Smalle r open circles denote 



the somewhat less accurate abundances from 



Shetrone. Cote h Sargentl (|200ll ). These symbols are 



used for the rest of the figures in this paper. Typical uncertainties are shown for one star. The 
symbol key for other sources is shown on the figure. The thick line indicates the fit of the toy model 
described in §5.11 (see also Table [6]) to the UMi data with COS171 excluded. 
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-2 -1.5 
[Fe/H] (dex) 



Fig. 6. — [Mg/Fe] vs [Fe/H] for the UMi giants. See Fig. [5] for details regarding the symbols for 
the UMi stars and uncertainties. The symbol key for sources of data for Galactic ha lo field stars 
is sho wn on the figure. Note that 0.15 dex has been added to the [Mg/Fe] values from lCavrel et al 
(|2004l ); see the text for details. The thick line indicates the fit of the toy model described in ^5.11 
(see also Table [6]) to the UMi data with COS171 excluded . The solid line is the mean relation 
for thick disk stars from iReddv, Lambert Allende Prietd (|2006l ) . The dotted line is the mean 
relation for inner halo stars from lRoedererl ( 20081 ). while his outer halo mean is shown as the dashed 
line. 
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Fig. 7. — [Si/Fe] vs [Fe/H] for UMi stars. See Fig. [5] for details regarding the symbols for the 
UMi stars and uncertainties. The symbol key for sources of data for Galactic halo field stars 
is shown on the figure. The thick line indicates the fit of the toy model described in £ 15,11 (see 
also Table El) to the UMi data. The s olid line is the mean relation for thick disk stars from 



Reddv. Lambert fc Allende Prietol (|200d ). 
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Fig. 8. — [Ca/Fe] vs [Fe/H] for UMi stars. See Fig. [5]for details regarding the symbols for the UMi 
stars and uncertainties. The symbol key for sources of data for Galactic halo field stars is shown on 
the figure. The thick line indicates the fit of the toy model described in §5.11 (see also Table [6]) to 
the UMi data data with COS171 excluded. T he solid line is the mean relation for thick disk stars 
from Reddy. Lambert fc Allende Prieto (j2006l ) . 
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-3 -2.5 -2 -1.5 -1 



[ Fe /H] (dex) 

Fig. 9. — [Sc/Fe] vs [Fe/H] for UMi giants. See Fig. [5] for details regarding the symbols for the 
UMi stars and uncertainties. The thick line indicates the fit of the toy model described in §5.11 (see 
also TableE]) to the UMi data data with COS171 excluded. The symbol key for sources of data for 
Galactic halo field stars is shown on the figure. 
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[Fe/H] (dex) 



Fig. 10.— [Ti/Fe] vs [Fe/H] for UMi stars. [Til2/Fel2], which relates ionized Ti to ionized Fe, 
and neutral Ti to Fe I, is shown for our UMi stars. See Fig. [5] for details regarding the symbols for 
the UMi stars and uncertainties. The symbol key for sources of data for Galactic halo field stars 
is shown on the figure. The thick line indicates the fit of the toy model described in §5.11 (see also 
Tabled]) to the UMi data with COS171 excluded. The solid li ne denotes the mean relation for the 
thick disk stars from lReddy. Lambert &: Allende Prietd ([2006). 
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-3 -2.5 -2 -1.5 

[Fe/H] (dex) 



Fig. 11. — [Cr/Fe] vs [Fe/H] for UMi stars. See Fig. [5]for details regarding the symbols for the UMi 
stars and uncertainties. The symbol key for sources of data for Galactic halo field stars is shown 
on the figure. The thick line indicates the fit of the toy model described in £ 15.11 (see also Table [6]) 
to the UMi data with COS171 excluded. 
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Fig. 12. — [Mn/Fe] vs. [Fe/H] for UMi giants. See Fig. [5] for details regarding the symbols for the 
UMi stars and uncertainties. The symbol key for sources of data for Galactic halo field stars is 
shown on the figure. The thick line indicates the fit of the toy model described in §5.11 (see also 
Tabled]) to the UMi data with COS171 excluded. The solid li ne denotes the mean relation for the 
thick disk stars from lReddy. Lambert &: Allende Prietd ([2006). 
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Fig. 13. — [Co/Fe] vs [Fe/H] for UMi stars. See Fig. [5] for details regarding the symbols for the 
UMi stars and uncertainties. The symbol key for sources of data for Galactic halo field stars is 
shown on the figure. 
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[Fe/H] (dex) 

Fig. 14. — [Ni/Fe] vs [Fe/H] for UMi stars. See Fig. [5]for details regarding the symbols for the UMi 
stars and uncertainties. The symbol key for sources of data for Galactic halo field stars is shown 
on the figure. The thick line indicates the fit of the toy model described in £ 15.11 (see also Table [6]) 
to the UMi data with COS171 excluded. 
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Fig. 15. — [Zn/Fe] vs [Fe/H] for UMi stars. See Fig. [5] for details regarding the symbols for the 
UMi stars and uncertainties. The symbol key for sources of data for Galactic halo field stars is 
shown on the figure. The thick line indicates the fit of the toy model described in §5.11 (see also 
Tabled]) to the UMi data with CQS171 excluded. The b ehavior of this abundance ratio in thick 
disk dwarfs from lReddy. Lambert fc Allende Prietd (|2006l ) is indicated as a solid line. 
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Fig. 16. — [Sr/Fe] vs [Fe/H] for UMi stars. See Fig. [5] fo r details regarding th e symbols for the 
UMi stars and uncertainties. The First Stars data is from iFrancois et all (|2007l ). The symbol key 
for sources of data for Galactic halo field stars is shown on the figure. The thick line indicates the 
fit of the toy model described in M5.ll (se e also Table El) to the UMi d ata. The behavior of this 
abundance ratio in thick disk dwarfs from iMashonkina Gehrenl (|200ll ) is shown as the solid line. 
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Fig. 17. — [Ba/Fe] vs [Fe/H] for UMi stars. See Fig. [5] fo r details regar d ing th e symbols for the 
UMi stars and uncertainties. The First Stars data is from iFrancois et a] ( 2007 ). The symbol key 
for sources of data for Galactic halo field stars is shown on the figure. The thick line indicates the 
fit of the toy model described in £ 15.11 (see also Table [6|) to the UMi data with COS171 excluded. 
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Fig. 18.— The contours of \ 2 used to estimate the uncertainties for [Fe/H](low,X) and 
[Fe/H](high,X) for the combined fit of the ratios of Si, Cr, Mn, Ni, and Ba with respect to Fe 
as a function of [Fe/H] in the UMi sample. The plus sign shows where the x^m vam e is reached. 
The contour lines are plotted around the minimum location for (N — 3)(x 2 — XminVXmin = 1> ^> 
16, 36, 64, and 100 respectively. The short, perpendicular ticks attached to each contour line show 
the "downhill" direction of the \ 2 "valley" . 
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Fig. 19. — [Ba/Eu] (upper panel) and [Eu/Fe ] (lower panel) vs [Fe/H] is shown for our UMi sample 
(larg e filled circles) and th e two from each of lShetrone. Cote Sargentl (|200ll ) (small open circles) 
and ISadakane et al.l (|2004j ) (intermediate open circles) with detected Eu. The S olar ratio is the 
solid horizontal line, while the dashed horizontal line is the r-process ratio from I Simmer er et al 
(|2004l ); the s-process ratio, +1.4 dex, is above the top of the figure. Typical uncertainties are 
shown for one UMi star. 
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Fig. 20. — Upper panel: [Ba/Y] is shown as a function of [Fe/H] for our UMi sample. The symbols 
are those of Fig. [19j Th e Solar ratio is the lowe r solid horizontal line. The pure s and pure r-process 
ratios for the Sun from ISimmerer et all (|2004l ) are indicated. A typical error bar is shown for one 
star. Lower panel: [Y/Fe] vs [Fe/H] for the UMi sample. 
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Fi g. 21. — The ag e of each giant with Mj < —2.0 mag known to be a member of U Mi from Table 3.6 
of lWinnickl (|2003l ) is shown as a function of [Fe/H]. The Dartmouth isochrones (jDotter et qZ.I |2008) 



were used with [Fe/H] from high resolution spectra or values derived from her near-IR Ca triplet 
measurements. Typical error bars are shown for a single star. 
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Fig. 22. — The toy model fit for [Mg/Fe] vs [Fe/H] (top panel) and for [Ti/Fe] (bottom panel) for 
the sam ple of 14 giants in each of the UMi and D raco dSph g alaxies is shown to gether with that for 
the Sgr ( Monaco et alll2005 ; Sbordone et a 1 2007) and Carina (IKoch et a 12008a) dSph galaxies. Fits 
for Ga lactic components to data from lRoedererl (|2008l ) and from lReddv. Lambert Allende Prieto 
(|2006l ) are shown as well. Typical errors in abundance ratios for the average of two stars are shown. 



